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ABSTRACT
This thesis descibes the development of an indirect stressmeter for measuring the in-situ 
stresses in concrete bridge structures - especially bridge decks. These stresses are invariably 
required to be known in the case of prestressed concrete bridges to determine whether the 
level of stress is as expected based on the original design, or whether there has been a 
significant loss of prestress for one reason or another.
The technique described is based on the stress relief principle and involves producing a 
discontinuity in a member under stress by drilling a hole. This disturbs the stress field in the 
vicinity and changes can be measured by the use of an instrumented inclusion which is bonded 
into the hole and then overcored. The annulus of concrete within the core is stress relieved 
and the inclusion is stressed. Strain gauges within the body of the inclusion measure the 
associated strain changes from which the original stress in the concrete can be determined.
The design; fabrication; testing and use of the device are described. The device consisted 
essentally of a solid steel cylinder assembled from discrete sections with rosette strain gauges 
bonded to diametrically opposite faces of each section. Finite element simulations were 
carried out to aid understanding of the behaviour of the inclusion in concrete, and the device 
was used in practice to measure the stresses in a local prestressed concrete bridge deck.
The inclusion technique has been proved to be a viable way of measuring stresses in existing 
structures but further research is recommended in order to refine it and to improve its 
reliability.
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Introduction
1.1 Introduction
Bridges cannot last forever. Whatever form of construction is used and whatever materials 
are adopted, sooner or later the effects of degradation begin to appear. There are many factors 
which affect the nature and degree of degradation such as the construction material; 
construction type; quality of construction; design and detailing; environment; weather and the 
nature and intensity of the imposed loading.
The early timber bridges built up to and including the 19th century have all but disappeared, 
but many of the masonry, cast iron, wrought iron, steel, composite steel-and-concrete, 
reinforced concrete and prestressed concrete ones remain. The most popular material at any 
one time has depended on the loads to be carried together with the prevailing level of material 
and design technology. The final choice for a given bridge was, in most cases, made on the 
basis of economy, namely the cheapest first-cost, with very little thought given to whole life 
costing to take into account 'in service' expenditure deriving from maintenance requirements. 
This appears to have been the case generally within the last generation, (especially in the 
heady days of the 1960's and 1970's) and may well have been the view taken by bridge 
engineers prior to this.
Prior to the 18th century, bridges in the UK were built mainly by the Church and the Romans 
to cross over natural obstacles and thus enable trade and conquest routes to be established. 
The main structural form adopted was the arch and the primary building material was r 
masonry. Between c l750 - 1825 the road network developed rapidly, (due largely to the 
pioneering work of Macadam) and the masonry arch remained the popular structural type,
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although some timber bridges did begin to appear. The predominant load was the permanent 
dead load, with live loads due only to pedestrians, horses, carriages and the like. Between 
cl 825 - 1925 the advent of the railways meant that very large numbers of bridges had to be 
designed and built to withstand much heavier live loads due to steam locomotives and rolling 
stock. Brick and masonry were the primary building materials for the small span bridges and 
viaducts though there were some notable exceptions, for example, the Ironbridge built from 
cast iron in 1779 which still retained the arch form. Longer span bridges were usually 
constructed in metal, such as the Britannia bridge built as a tubular beam from wrought iron 
plates between 1846 - 1850, and the Forth Railway bridge utilising the cantilever truss form 
and built using steel between 1883 - 1890. From about 1880 many smaller road bridges were 
built and a lot of experimentation went on constructing decks using reinforced concrete; the 
jack arch principle; filler joists and trussed beams. Such bridges were subject to live loads 
from steam traction engines, motor cars, military vehicles and the then new trucks or lorries. 
From about 1930 onwards when motorways were beginning to be constructed, most of the 
road bridges built in the USA, the UK and the continent were constructed using concrete: 
both reinforced and prestressed. Since then the traffic loads have steadily increased in 
volume and intensity and now far exceed those envisaged by the original designers. Winter 
salting of our roads has become universal and commonplace and the problems that ensue 
from sodium chloride solutions leaching into concrete decks have only been fully appreciated 
in the last twenty years or so.
1.2 Deterioration of concrete bridges
The first concrete beam deck built in the United Kingdom (UK) dates from 1870 (Somerville, 
1995). There followed rapid progress in the first half of this century in extending the range
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of arches, slabs, and beam and slab decks in reinforced concrete and the last 50 years have 
seen an unprecedented rise in concrete bridge construction.
In the UK, the construction of concrete bridges peaked in the early 1970’s (Montague 1989) 
when motorway construction was at its highest. Whilst most of them were of reinforced 
concrete, the use of prestressed concrete was beginning to take hold, especially after the 
notable success of the Germans in the construction of prestressed concrete beam decks for 
bridges over the autobahns which began as early as 1930. Longer more slender spans became 
possible, and the development of the box girder provided a form of construction of 
exceptional flexural and torsional rigidity, and resulted in many bridges of great elegance and 
beauty. The nominal life time of these bridges is 120 years but recent evidence of their 
condition suggests that this may, sadly, prove to be an optimistic over-estimate.
A countrywide random survey of 200 concrete highway bridges in the UK for the Department 
of Transport (Wallbank 1989) suggested that many of these structures have deteriorated at a 
faster rate than originally expected and that the design life of 120 years will not be realised. 
Some of the structures were less than 25 years old - a notable one being the Thelwell viaduct 
in Cheshire. The main cause of the deterioration was attributed to the corrosion of the 
reinforcement by contamination from chloride ions present in the de-icing salts used on the 
national road network during the winter months. Ingress of the chloride ions over a 
prolonged period produces a volumetric expansion of the ferrous reinforcement which may 
initially be observed as cracking on the concrete surface. The cracks then provide a direct 
path for the salt laden water to the reinforcement and the reaction continues at a greatly 
increased rate. This process is further exacerbated by the provision of leaking joints and 
insufficient cover being provided in the original construction and so the condition worsens.
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Eventually, spalling of the concrete occurs which exposes the reinforcement and thus 
facilitates even heavier corrosion until finally, in the extreme, the reinforcement is 
completely corroded through and the deck section suffers loss of strength and stiffness.
Another ill-fated bridge was the Taff Fawr bridge, Merthyr Tydfil, which carried the A465 
Heads of the Valleys trunk road in South Wales (NCE 10/3/83; 29/3/84; 9/5/85; 3/10/85). 
The bridge was constructed in 1964, and consisted of a three cell cantilever structure in 
post-tensioned concrete over a main central span of 65m and two 39m side spans. Severe 
corrosion problems came to light during a minor repairs contract let in 1983. Spalling from 
the arched soffit was discovered together with wide cracks in the unusual precast flanges and 
the webs of the generally in-situ structure. Further investigation revealed that road salt 
percolating through the deck waterproofing had caused severe corrosion of the prestressing 
tendons which eventually resulted in the cracking. The cost of repairing the bridge was 
prohibitive and so it was finally demolished in 1985/1986 and replaced in 1987 with a new 
15m wide single cell post-tensioned concrete box structure at a cost of £2M.
The process of corrosion in prestressed concrete bridges is not easy to detect and may proceed 
to the point where sudden catastrophic collapse occurs. The classic case in recent times was 
the demise of the Ynys-y-Gwas bridge in South Wales which collapsed into the river Afan 
without warning during the early hours of 4th December 1985. Fortunately there was no 
traffic on it at the time and so there were no casualties. The reasons for the collapse have 
been well documented (Woodward and Williams, 1988), but primarily it was due to a 
combination of poor detailing, unusual design incorporating segmental post-tensioned 
segments and the absence of a waterproof membrane on the deck. These factors led to the 
ingress of water (both clear and salt-laden) to the longitudinal and transverse prestressing
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tendons which resulted in severe and widespread corrosion of the prestressing steel. As the 
steel corroded, the cross section diminished and the stress in the wires increased to the point 
of sudden fracture. Since the contribution of the steel wires to the overall stiffness of the 
section was small, the loss of stiffness was not detected during the routine monitoring of the 
bridge deck deflections and so it was assumed that all was well. The collapse eventually led 
to a moratorium by the Department of Transport on the use of grouted duct tendons for new 
bridges (DTp., 1992). This decision raised many eyebrows, especially in the USA where it 
was publicly expressed by a leading official of the American Segmental Bridge Institute that 
"banning the use of the time proven method of using grouted post-tensioning tendons is not 
the answer", ( Roberts, 1993). The moratorium has since been lifted (Parker, 1996).
In May 1990 in South Yorkshire the chance discovery of chloride corroded post tensioning 
cables led to the closure and propping of the Blackburn viaduct, a 151m long, five span 
structure carrying an Ml slip road (Pease 1990). The viaduct was built in 1968 and it 
appears that salty water entered badly grouted ducts through the deck membrane. It then 
trickled to the lower part of the duct where the tendons had been found to have corroded.
Preventative solutions such as surrounding prestressing tendons with plastic sheaths which are 
currently under test in Germany, or using exposed prestressing tendons as in the Wadebridge 
viaduct (Parker, 1993) may well be the answer for the future, but meanwhile the condition of 
existing prestressed post-tensioned bridges is unknown. Guidance is required for the 
inspection of such bridges so that ways can be developed for the examination and 
identification of critical points with a view to carrying out appropriate remedial works well 
before imminent collapse.
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But what of those bridges which are currently in service? The Highways Agency owns about 
600 post-tensioned bridges, and there are about another 2400 similar structures owned by 
other authorities. The overall UK experience according to thtTransport Research Laboratory 
(TRL) is that, with some exceptions, detailing of early prestressed concrete structures in the 
late 1940s and early 1950s was deficient in terms of corrosion protection but the 
workmanship was good. In the 1960s both workmanship and grouting appear to have been at 
their worst, and whilst stressing was then regarded as a task requiring close control, the 
subsequent grouting of the ducts was not considered important and TRL suspects that many 
bridges from the period are substandard in that respect.
Is there any way in which inspection and assessment can be carried out to diagnose the state 
of such bridges? The main problem is the inacessability of the tendons which cannot 
themselves be physically inspected. Grouted tendons may be indirectly inspected by the use 
of x-ray scanning using the French-developed Scorpion II system (Parker, 1994; 
Winney,1992), and by the use of radar, for example that developed by the University of 
Edinburgh which uses an SIR 10 digital radar system (Padaratz et al, 1995). Ungrouted 
tendons can be inspected in some cases by the use of an Endoscope (Winney,1992). 
Corrosion damage can thus be detected and remedied if needs be, or at least monitored to see 
whether or not it is progressive.
Where bridges are in a more severe state of degradation evidenced by cracking/spalling and 
excessive deflection under dead loads, and where it is not possible to get a clear picture of the 
condition of the prestressing tendons, another way is necessary for determining the 
performance of the prestressing. One such way is to assess the level of in-situ stresses in the 
concrete and thus deduce the level of prestress left in the structure. Once this is established, it
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should be possible to determine the stresses and deflections to be expected at the 
serviceability limit states and to compare these with the allowable codified values. Decisions 
can then be taken as to the worthiness or otherwise of the bridge as a whole to fulfil the 
function for which it was intended.
1.3 Assessment of Bridges
Formal assessment of bridges began in the 1960s when Operation Bridgeguard was launched 
and commenced in about 1970. Good progress was made in the early years on the major 
trunk road bridges but very few local authority bridges were tackled. The assessments were 
based on BE4 and later BE3/73 which had for the first time codified assessment methods. At 
this moment in time, bridge owners are preoccupied with assessing the strength of their 
structures as part of an initiative which started in November 1984, when Mr P Bottomley, 
then Minister for Roads and Traffic, announced a comprehensive 15 year programme for the 
rehabilitation of bridges on motorways and other trunk roads. The programme includes the 
assessment and strengthening of the older short span bridges, many of them built before the 
introduction of national loading standards in 1922. The aim of the Government is to ensure 
that by the end of 1999 major trunk road bridges should be strong enough to carry the EC 
weight limits of 40 tonnes overall weight and 11.5 tonnes axle weight. The basis of the 
assessments was originally the Bridge Assessment Code BD 21/84 (1984), and its 
complimentary Advice note BA 16/84 (1984). The code adopted the limit states philosophy. 
These have now been superseded by BD 21/93 (1993) and BA 16/93 (1993) respectively, 
and a further code, namely BD 44/90 (1990), has been introduced specifically to deal with 
concrete bridges, to try and provide a more realistic assessment of the strength of a concrete 
element than was possible using the requirements of design code BS 5400: Part 4: 1990. The 
code (BD 44/90) introduces the concept of Worst Credible Strength, that is ’ the worst value
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o f that strength which the engineer, based on his experience and Imowledge o f  the material, 
realistically believes could be obtained in the structure or element under consideration'
Assessment is based on the ultimate limit state only as this was considered logical for 
assessing existing structures "where the concern is safety of the structure and the need to 
ensure that there are adequate margins of safety" (Dawe, 1988). It was considered by the 
working party which looked into the matter that serviceability checks were not necessary 
since serviceability deficiencies would be apparent under every day service loadings.
Whilst this may be true for most types of bridge, it is not sound reasoning as far as 
post-tensioned bridges are concerned. They are initially designed specifically to fulfil 
primary serviceability limit state requirements in respect of working stresses and are then 
checked for their ultimate load carrying capacity. In any event, assessment of the ultimate 
limit state in flexure, for example, is impossible unless the condition of the tendons is known. 
Assessment of the residual stresses in the concrete can alert bridge engineers to the possibility 
of unacceptable loss of prestress in the structure. The cause may be due to unexpected levels 
of creep or shrinkage; ineffective glue layers at the segmental joints; failure of the 
anchorages or the fracture of prestressing wires due to corrosion. Until the precise reason for 
the losses is discovered, any calculation of ultimate limit state capacity is not only 
superfluous and meaningless, but it can instil false confidence in the mind of the bridge 
owner.
The measurement of in-situ stresses can therefore be a very useful diagnostic tool for 
establishing whether there has been a loss of prestress in a particular bridge, and also for 
determining the degree of transverse load distribution under live loads. The measurement
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takes place at the inspection stage and the Department of Transport categorises it as a Special 
Inspection, (see Table 1.1) that is, one carried out if a normal inspection suggests that the 
bridge is not satisfying serviceability requirements.
Indeed, the Department of Transport under its "review of design and construction standards" 
has advised its regional offices, local authorities and other bridge owners such as British Rail 
to carry out Special Inspections (usually as part of a Principal inspection) on all of the 3000 
or so grouted duct post-tensioned bridges in the UK (Winney,1992). Because of the very 
particular nature of concrete box girders and the means of inspection, the Department of 
Transport has issued a new advice note to deal specifically with such structures, namely BD 
50/93 (1993).
Type of Inspection Period Nature of inspection
Superficial Annually visual
General Every two years visual but more detailed
Principal Every six years close visual inspection inside and out using 
dedicated equipment if necssary.
Special As required Concrete strength; load distribution; proof load 
testing; x-ray; radar scan; endoscope etc.
Table 1.1 Types of Bridge Inspection
There are several methods currently available for a Special Inspection to determine in-situ 
stresses in such structures, and these will be discussed in Chapter 3. Before that, however, it
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is instructive to consider the measurement of stresses in rock structures and these will be 
considered in chapter 2.
1.4 Summary
A brief history of the construction types used for bridges has been given up to the present 
day. The general causes for the deterioration of concrete bridges have been highlighted and 
explained, and a number of specific bridge failures due to corrosion problems have been 
identified with a view to understanding the problems associated with assessing the current 
condition of such bridges, particularly prestressed concrete bridges.
The history and current state of affairs relating to formal bridge assessment has been outlined 
in terms of bridge inspections, and arguments have been put forward for the need of assessing 
the level of in-situ stresses as a way of determining the level of prestress in prestressed 
concrete bridges. The level of stress determined can then be compared with the level 
expected from the original design, and appropriate decisions made regarding the condition 
and safety of the bridge.
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Stress Measurement in Rock 
2.1 Introduction
The methods developed for determining the residual stresses in concrete structures have their 
roots in the field of Mining Engineering. In the past, many methods for monitoring and 
assessing the stresses in rock mining operations have been developed. The methods have 
continued to be improved and refined and there is a considerable body of literature extant 
based on many research projects and field tests which are reported regularly in the relevant 
Metallurgical, Geotechnical and Rock Mechanics journals. Some of the more notable 
developments will be described in this chapter.
2.1.1 Strain Rosette Relief
Workers in the field of Rock Mechanics recognise the need for the determination of stresses 
in rock masses during and after the operations of tunnelling and mining in order to monitor 
stresses in tunnel linings and pillars as mining progresses, and also to determine the stresses 
in virgin deposits. The earliest known work was undertaken in 1933 (Lieurance,1933), and 
was later developed by other workers (Mohr, 1956; Olsen, 1957; Slobodov,1958; and 
Leeman,1964).
2.1.2 Stress measuring instruments
Leeman (1964), carried out a survey of a number of the more popular stress measuring 
instruments in 1964 which he was able to categorise as follows:
1. Borehole deformation strain cells
2. Borehole inclusion stressmeters
3. Borehole strain gauge devices
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Each device was able to measure change in stress, but only some of the devices could 
measure absolute stress.
2.1.3 Borehole deformation strain cells
As the name suggests, these devices measure changes in one or more diameters of the 
borehole in which they are installed. This type of device measures continuously the changes 
in length of two orthogonal diameters (horizontal and vertical) of the borehole in which it is 
installed. A circular ring measures the changes by means of electrical resistance strain (ers) 
gauges cemented to it.
The strain cell is embedded in a sealed unit and when the unit is in position, electric motors 
are used to drive the measuring pins out into contact with the side walls of the borehole. 
When the diameter of the borehole changes, the measuring pins become displaced and cause 
the measuring rings into which they are screwed to become deformed. The strain change in 
the ring is recorded by the ers gauges.
Provided the borehole is drilled in a direction parallel to one of the principal stresses, then it 
is possible to obtain information about one or all three principal stresses in the rock. These 
instruments are of varying degrees of complexity and measure changes in borehole diameter 
by many ingenious means. Leeman found them to be ideal for measuring change in stress 
but rather clumsy for measuring absolute stress and drew the following conclusions:
1. The accuracy of the stress determination was dependent upon the accuracy with which 
the elastic constants, particularly the modulus of elasticity E and to a lesser extent the value 
of Poissons ratio v, are measured.
2. The rock is assumed to be elastic, homogeneous and isotropic.
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3. The' stressmeters ’should preferably be calibrated in compression cubes of the same
material as that in which they are to be used. This is particularly true where the effective 
modulus of elasticity of the stressmeter is less than five times that of the rock. Often it is 
impossible to obtain uncracked cubes fo r  calibration purposes. '
4. Strain cells tend to be costly.
5. The trend has been to use this type of instrument more and more. It is ideal for the
measurement of stress change and can therefore be used to monitor stress changes in a rock 
mass. For the purposes of measuring absolute stress, it is clumsy.
2.1.4 Borehole inclusion stressmeters
These are devices which are positioned within a borehole and are bonded to, or at least in 
intimate contact with, the host rock. A change in stress in the rock causes a change of stress 
in the measuring element via a fluid which in turn is measured as a change in stress by means 
of some form of transducer (ers gauges) on the measuring element (usually a diaphragm). A 
stressmeter o f  this kind was calibrated by inserting it into a hole drilled through a cube o f  
rock under stress in a compression machine.
The main conclusions drawn by Leeman were:
1. They are satisfactory for obtaining quantitative information on changes in rock stress.
2. They are suitable for measuring increases in compressive stress but require 
prestressing for measuring decreases in compressive stress or changes in tensile stress.
3. ’If the modulus of elasticity of the rock in which the stressmeter is to be used is low 
compared with the effective modulus of elasticity of the stressmeter (at least one-fifth) then it 
is not absolutely essential to calibrate the stressmeter in the same material as that in which it 
is to be used to measure rock stress.’
PflCrp. /?
Chapter 2 - Stress measurement in Rock
2.1.5 Borehole strain gauge devices
These are devices which use strain gauges to measure changes of strain on the flattened 
surface at the end of a borehole. The process is shown in Figure 2.1.
Up Depth at which
stress is required
Strain gauges
Borehole.
Length of hole deepened 
using a coring drill
Core removed with strain 
gauges attached to it
Figure 2.1 Before and after over-coring and stress-relieving using the 'Doorstopper'.
The shape of the removed core resulted in this method being referred to colloquially as the 
'Doorstopper'. The method assumes that there is a complete stress relief in the removed core. 
Some doubts still exist with regard to rock about the effects of its imperfect elasticity and its 
creep characteristics.
Two major difficulties with this method are that of providing a smooth flattened surface at 
the end of the borehole, and of securing the strain gauges to it. Leeman developed a 
pneumatically operated tool for the latter operation which proved very costly and time 
consuming in use. In spite of these difficulties, the CSIR device which utilizes this principle 
is the one most favoured by mining engineers (Leeman, 1964).
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2.2 The Borehole Deformation Gauge (BDG).
The now generally accepted generic term for the stress measuring device of the type 
described in sections 2.1.3 and 2.1.4 is the borehole deformation gauge (BDG). It is simply 
an instrument designed to measure the diametric deformations which occur when a borehole 
drilled in a stressed medium is subsequently de-stressed. It is, in essence, an accurate 
differential calliper. The most practical way to de-stress the medium (or equivalently, the 
area surrounding the borehole) is to drill a larger hole concentric to the borehole; thus the 
term over-coring.
The scope of such meters was first examined theoretically by Huit et al (1965). He was the 
first to categorize a device in terms of its stiffness relative to the surrounding medium WM/WR 
i.e. the elastic constant of the load cell/elastic constant of the rock. In broad terms these 
constants are proportional to the elastic modulus of the load cell and the rock respectively, ie 
Em/ER. He defined four general cases as shown in Table 2.1. He developed equations for the 
rigidity index as he termed it, for various types of stress meter, and in particular for a solid 
cylinder of material he derived the index as:
WmAVr = Em(1+vr) / E r(1-vJ
Number Relative 
stiffness WM/WR
classification
I infinity completely rigid
II > 1 rigid
III < 1 soft
IV 0 completely soft
Table 2.1 Relative stiffness of load cell to rock
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He also defined the terms active and passive in relation to such stressmeters both of which 
are shown in Figure 2.2. The active type assumes that there exists in the rock mass a vertical 
rock pressure g , the variations of which can be measured as a function of time. The pressure 
of the oil in the stressmeter is adjusted by a pump so that the diameter of the drill hole is kept 
constant. The pressure within the stressmeter and the gauge indicates, at any instant, the 
prevailing rock stress. This is also the principle adopted by Abdunur (1990) in his flat jack 
method which is referred to later.
Figure 2.2 Active and passive stressmeters.
The passive stressmeter works by recording the change in the drill hole diameter caused by a 
certain change in the rock pressure g . If the deformation characteristics of the rock are 
known, then the pressure change can be calculated. The function of a passive stressmeter 
depends to a large degree on its own deformation characteristics. This is the principle 
adopted for the stressmeter which is the subject of the current research.
The operating principles of the soft inclusion were fully analysed by Leeman (1967) in the 
hope of obtaining a clearer picture of their advantages and limitations. He defined the term
Page 16
Chapter 2 -  Stress measurement in Rock
absolute stress more closely as ’that obtained by relieving the stress at the point under 
consideration completely by overcoring and to measure the changes in borehole diameter 
associated with the relief of stress'. The stress may then be calculated from a knowledge of 
the relationship between stress and borehole deformation derived by means of the theory of 
elasticity assuming that the material behaves elastically. He concluded that:
1. When determining stresses in the diametric plane, errors due to inaccurate values of
Poissons ratio were not likely to be large; but there did seem to be a weakness when 
determining the stress acting parallel to the axis of the borehole when the Poissons ratio of 
the rock was small.
2 . There did not appear to be much basis for measuring more than three diameters, and
Leeman (1967) argued that normally sufficient information could be obtained by measuring 
two diameters.
2.3 Complete state of stress at a point
The problem with all of the above techniques for in-situ stress measurement in rock is that 
they give only limited, albeit useful, information about the stress at a particular location in a 
rock mass. They all measure stress in one plane only, namely that at right angles to the 
direction of the borehole. Using these devices it would be necessary to drill at least three 
holes having axes that intersect at the required point.
This was realised by Hayes (1965) who developed the theory which would enable the 
establishment of the complete stress field from the results of a single borehole. He used the 
principle of superposition with known results to solve the problem. In practical terms it 
meant that the readings from three strain gauge rosettes stuck to the surface of the borehole 
were required as shown in Figure 2.3
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When working for the Council of Scientific and Industrial Research (CSIR) Leeman (1968) 
rationalized the theory derived by Hayes and developed a borehole strain cell which he tested 
in the laboratory and in an underground situation. The equations required for the components 
of stress at a radius r from the centre of a borehole in terms of
a#%/2
the system of cylindrical co-ordinates, r, a  and Z are given in 
Appendix A. The process is shown diagrammatically in Figure (
2.4. A standard borehole of 90mm diameter is drilled to the
ol= 5 iiU
depth required and the end of the borehole is ground flat. A
Fig. 2.3
smaller 38mm diameter borehole is drilled concentric with the
outer borehole for a distance of 450mm. The strain cell containing the three strain gauge 
rosettes is then inserted into the borehole and the rosettes glued in position midway along its 
length. Strain gauge readings are taken after the glue has hardened; the installing tool is 
removed leaving the strain cell in place. The mouth of the hole is plugged to prevent 
cooling water from the drilling operations entering, and the portion containing the strain 
rosettes is then overcored using a special coring crown. The cylindrical core containing the 
rosette is removed and the stress relieved strain readings are recorded. The difference in 
strain readings is then used to calculate the required values of pGO, p^, poz and hence ox oy,az, 
Txy, xyz tzx, and thereafter the principal stresses and their directions.
The results that he obtained in the underground tests were sufficiently consistent to conclude 
that the instrument showed great promise and justified further tests and development. He 
recommended further research in order to determine the orientation which would give the 
optimum strain sensitivity and to produce a simpler construction in order to reduce 
manufacturing costs.
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Borehole drilled to 
required depth
Pilot hole drilled 
for approx 450mm
Three r/osettes glued 
to wall of pilot hole
Pilot hole over-cored
Cylindrical core removed 
and strain readings taken
Figure 2.4. Overcoring technique in rock.
2.4 Surface stress measurement
2.4.1 Strain gauge cell
It was Hoskins who first carried out full scale laboratory experiments to determine the 
effectiveness of borehole strain rosette relief methods for measuring surface rock stress 
(Hoskins, 1967). The technique involved fixing a strain rosette to a prepared surface of 
stressed rock and then cutting or drilling a channel around the rosette to a depth sufficient to
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completely release the elastic strain in the rock and allow it to deform the rosette. The 
deformation of the rosette was measured, the elastic modulii of the rock determined and the 
stress in the rock face calculated according to the theory of elasticity. The waterproofed 
strain cell cemented to a rock core after a strain relief test is shown in Fig. 2.5.
Rock specimen Strain cell body
Leads
Position of strain rosette
Figure 2.5 Strain cell cemented to a rock core after strain relief test
The 49mm core was taken from a block of trachyte subjected to bi-axial stress. The tests 
were in general successful but they did consistently indicate a small horizontal compressive 
stress although none was ever applied. This may have been due to friction effects of the 
loaded surfaces as suggested by Leeman (1964); uncertainty about the value of Poisson's 
ratio, or measurement errors in the magnitude of the horizontal strain component since the 
horizontal strain was only 4 - 5  times the basic reading error of the measuring system in some 
of the tests.
2.4.2 Flat jack technique
This method involves first mounting opposite facing vibrating wire (VW) strain gauges to the 
surface of the rock in the line of the intended stress determination and recording initial strain 
readings. A slot is then cut between the gauges as in Figure 2.6 to partially relive the strain in 
the proximity of the gauges. A flatjack is then inserted and pressurizedtfiat the strain gauge 
readings are returned to their initial values. The method was first described by Habib &
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Marchand (1952); modified by Panek & Stock (1964) and perfected by Rocha et al (1966). It 
was later adopted and modified by Abdunur (1985) to measure surface stresses in concrete 
structures.
Vibrating Wire gauges
pump
Figure 2.6 Slot cutting / Flat Jack technique.
The great advantage of this method is that a knowledge of the elastic properties of the rock is 
not needed, but it does have the disadvantage that only surface stresses can be measured and 
also the area of the flat jack must be large enough so that the average stress is reliably 
measured
2.5 Other developments in the strain rosette relief method
Variations to the basic gauge construction and application have been made throughout the 
world, which have led to the establishment of the method as an industry standard in the field 
of rock mechanics.
2.5.1 The Borehole Strain Transducer (BUST)
The first such modified method was that produced in Australia (Stephenson and 
Murray, 1970) to determine the magnitudes and directions of the virgin principal stresses at 
the Cobar Mines Pty. Ltd. in New South Wales. The Borehole Strain Transducer (BHST) as 
it was called incorporated four novel features:
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1. It had a rigid aluminium body which was bonded to the rock independently of
the active strain-gauge rosette.
2. The active gauge rosette was bonded directly to the rock.
3. The electrical cable was permanently attached to the BHST allowing progress 
of the stress relief to be observed during overcoring. This was achieved by 
passing the electrical cable through the drilling bit and out through the rear of 
the drilling machine.
4. A temperature compensating gauge was included to give fiill wain, 
temperature compensation over the range from rock temperature (80-85°F) to 
drill water temperature (70-75°F).
The test results gave consistent, repeatable measurements of the principe stresses in a rock 
mass but did not suggest that the modifications provide data which was more reliable. There 
also did not appear to be any laboratory data to calibrate the gauge. Youngs modulus was 
measured by the use of a bi-axial cell test which produced test results for the three different 
moduli in the directions corresponding to the three gauges of the rosette. Because of a lack of 
data for values of Poisson's ratio, a compromise was made by using the arithmetic average of 
the three moduli.
2.5.2 Soft Epoxy Inclusion
A totally different development took place in 1978 when an inclusion technique was 
developed at the school of Mining Engineering at the University of New South Wales, in 
Australia (Blackwood, 1976) which involved the use of strain rosettes encapsulated in a cube 
of epoxy. This itself was then incorporated into a solid, elastic, cylindrical inclusion
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instrument, bonded to a borehole and used to measure the in-situ stress field in a single coring 
operation. See also (Rahman, 1992).
It was not until 1976 that the development of any real practical methods for measuring in-situ 
stresses in concrete structures took place and these will be considered in the next chapter.
2.6 Summary
An overview of the methods of measuring in-situ stresses in rock masses has been given. The 
devices can be broadly categorised as:
1. Borehole deformation strain cells
2. Borehole inclusion stressmeters
3. Borehole strain gauge devices
4. Flat Jack ’Pressuremeter’.
Whilst all of these devices have been successfully adopted in the field of rock mechanics and 
mining, only the fourth has been developed for use in concrete structures, see Abdunur 
(1990).
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Stress Measurement in Concrete
3.1 Introduction
None of the methods for measuring in-situ stresses in rock structures are directly applicable to 
concrete structures. Tyler (1968) reported that up to 1968 devices for measuring stress and 
strain in concrete bridge structures were very limited. They involved use of embedded 
vibrating wire (vw) gauges for monitoring stress, and the use of electrical strain (ers) gauges 
for measuring surface stresses. The former method was used as a monitoring device to 
measure stresses during construction and live load stresses thereafter, and the latter for 
measuring surface stresses due to live load on concrete structures during service.
Another method had been reported for monitoring stresses in the concrete of tunnel linings 
(Roberts et al, 1965) using a photoelastic stressmeter, but this seems to have met with limited 
success and was subsequently abandoned.
A novel method for monitoring the development of dead load stresses in the columns of an 
eight storey reinforced concrete structure during construction was developed in 1977 
(Swamy et al) involving the use of an embedded vibrating wire (vw) gauge to measure the 
stresses in reinforcing bars, and a Carlson stressmeter which was developed in 1952 (Carlson 
et al, 1952). The meter was a very clumsy affair, and was based on the principle that, in 
order to preserve force balance, a thin plate of reasonable compressibility, embedded in 
concrete, would have nearly the same stress through it as that in the neighbouring concrete. 
Some initial results were reported, and in spite of the promise that more results would be 
forthcoming as construction proceeded and when the building was finally occupied, nothing 
further was reported.
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3.2 Direct Stress Measurement
After 1977 there is no evidence of the development of any device for measuring the in-situ 
state of stress in a concrete structure until 1982 when Abdunur (1982) proposed what he 
called a direct method of determining such stresses based on the slot cutting method used in 
rock mechanics (Rocha et ah, 1966) described in Chapter 2. After an extensive research and 
testing programme, he eventually formalised the method and reported on it to the Ministère 
de l'Equipment, du Logement, des Transports et de la Mer (Abdunur, 1985). Its continued 
development and use were restricted for a time to France until after 1990 when the method 
was reported in the UK (Abdunur, 1990) which led to its use elsewhere. It appears to be the 
first recorded method applied directly to determining stresses in concrete bridges.
Abdunur described the basic method as a partial stress release which consists in the local 
elimination of stresses, followed by a controlled stress compensation.
Figure 3.1 illustrates the steps involved. In practice, the location of the required stress is 
identified and a displacement reference field marked out. A thin slot is then cut at right 
angles to the required stress field and a semi-circular flat jack inserted into the slot and 
pressurised until the initial displacement field has been restored. The final pressure in the 
jack is then a measure of the in-situ compressive stress in the concrete.^
The method is used reasonably successfully in rock mechanics but is not easily transferable to 
concrete. This is due to two main reasons:
1. The difficult nature of concrete as a material.
2. The absolute need for miniaturisation to minimise damage to bridges
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A Initial state 
B Stress release  
C Controled com pensation  
and re-establishment
B
A
G
P =  G
----------------- L u  J - — —
----------------- * -----| ---- 6 ----------------------------------► |  ----------------
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Figure 3.1 Stages of direct stress evaluation (after Abdunur).
Tests were carried out to analyse the effects of shrinkage and to enable its effects to be taken 
into account when interpreting the measured absolute stress and breaking it down into its two 
main components: applied and internal. The superposition principle is valid, and enabled 
the two stresss components to be seperated out.
Abdunur designed prototype jacks to deal with the problem of size and these were 
successfully tested in the laboratory. They are only 4mm thick and have a maximum depth of 
80mm.
The method has proven itself in the field, and the principle advantages of the method can be 
listed as follows:
1. Measurement is direct (that is the jack pressure gives a direct measure of 
the in-situ stress).
2. Elastic properties of the concrete are not required in the assessment.
3. Elastic properties of the concrete can be determined from the assessment 
results.
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The principle disadvantages are:
1. Only surface stresses can be measured. \
2. Extensive initial gauging is required at each test location in order to establish
the initial displacement field of reference.
3. Both strain gauges and pressure gauges require to be read during the course
of a test.
The method is currently being developed for the assessment of stresses in masonry bridges.
3.3 Indirect Stress Measurement
3.3.1 General
As the name implies, indirect stress measurement by the stress relief technique (see Chapter 
5) is achieved by measuring the changes of strain adjacent to a small cut in the surface of the 
concrete and, with a knowledge of the physical properties of the concrete, converting the 
changes into a stress which is then a measure of the absolute in-situ stress.
3.3.2 Centre Hole Stress Relief
This method was developed in the Civil Engineering Department at Surrey University by a 
team led by Dr. P Lindsell (1980) who is an expert in the measurement of losses in 
prestressed concrete bridges. The results of Lindselfs research team over a number of years 
are embodied in a Ph.D. Thesis by Mehrkar-Asl (1988) who mistakenly describes the method 
as a direct one.
The method is essentially an extension of the centre hole technique used to assess the residual 
stresses in steel components due to rolling and welding ( Beaney et al, 1973 & 1976). This 
involves attaching a special strain gauge rosette to the surface on which the residual stresses
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The method relies upon the measurement of surface strains around the periphery of a large 
diameter core using both vw gauges around and remote from the core circumference, and 
micrometer measurements across Demec pips glued to the surface of the concrete within and 
just outside the core perimeter. The two ways of measuring strain were used in order to cross 
verify the strain readings. The core was then cut incrementally; that is the drilling proceeded 
in steps of 25mm and readings taken. This provided a diagnostic record of strain readings and 
any unexpected change of strain would be immediately apparent, and would indicate the 
breakdown of a vw gauge, the debonding of a Demec pip or some unknown factor which 
would need to be investigated.
An accurate knowledge of the physical properties of the concrete is required, namely 
Poissons ratio and the modulus of elasticity, in order to translate the strain readings into 
stress. Two methods have been employed in this respect and the first is shown in Figure 3.3 
(Rahman, 1992).
F
F
F
Figure 3.3 Application of the principle of superposition to determine the strain matrix 
in the octagon reloading test.
The core of concrete extracted during the overcoring process is cast into an octagon shaped 
specimen of concrete and allowed to cure for 28 days. An array of Demec gauge points is
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secured to the opposite faces of the specimen and the initial readings are taken. Readings are 
then taken in steps of about 20 kN up to 100 kN and then unloaded. This procedure is 
repeated for the vertical, horizontal and transverse directions. It is then possible to obtain 
relationships between stress and strain by re-establishing the original measured strain release 
in the gauges during the overcoring process and by applying the principle of superposition it 
is possible to establish the modulus of elasticity and Poissons ratio of the concrete in the 
release direction (see Figure 3.3).
As a back up to the octagon test, Mehrkar-Asl (1988) used a modified version of the 
Goodman Jack (Goodman et al, 1970) developed for determining the properties of rock. The 
jack operates on the assumption that the tensile and compressive moduli of the material are 
equal, and that no tensile cracking is induced in the material due to jack loading. The basic 
concept is shown in Figure 3.4.
Borehole wall
Figure 3.4 Principle of the Goodman Jack.
Hydraulic rams are used to force curved steel plattens against opposite segments of the 
borehole wall formed in a mass of rock. The platten displacement is measured using 
transducers which is related to the hydraulic pressure, and knowing the displacement 
calibration of the transducers it is possible to form a relationship between hydraulic pressure
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and hole diameter D (Goodman et al, 1970) from which an expression for the elastic modulus 
of the rock can be determined.
3.3.3 Saw Cutting
This is an indirect method which was developed at Surrey University in 1992 (Border, 1992) 
funded by an independent consultant. It relies on the stress relief principle (Chapter 4) which 
is achieved in this case by cutting a slot through a concrete member over a defined length and 
measuring the strain changes due to the cut. A typical concrete sample used by Border in this 
research measured 1m x 1m x 100mm thick which was subjected to a uniaxial vertical 
compressive stress. The steps in the method are shown in Bigure 3.5.
I l l  M l I I I . I I I
100mm VW  gauges (50mm)
o o o
o o
100mm
o o o
o o o
o o o
o o
Demec gauge points
rr i t t t rt MM
(a) Set up of slab (b) Slab with saw cut
Bigure 3.5 Saw cutting method.
The Modulus of Elasticity was first determined by incrementally loading and then unloading 
the slab. Subsequently the slabs were cut under load from both sides to represent site 
conditions and finally the cut slabs were unloaded and loaded incrementally. The idealised
Chapter 3 -  Stress measurement in Concrete
strain distribution along the horizontal datum line between the VW gauges would be as 
shown in Figure 3.6 (a) and the actual profiles obtained are as shown in Figure 3.6 (b).
+
Slot length
'I
Ganges
+
Slot length
!
(a) (b)
Figure 3.6 Comparison of ideal and actual strain distribution across a saw cut.
The actual in-situ stress is calculated by the product of the measured (release) strain x E 
called the apparent stress and a coefficient k, called the release coefficient. Shrinkage strains 
were taken into account by cutting the slabs under no load. The difference between the 
absolute (measured) strain and the shrinkage strain is the actual strain.
The research is incomplete for the following reasons:
1 . The results from the different types of gauges, viz. VW and micrometer gave different 
values of the release coefficients.
2. No independent check was carried out to calculate the stress $n a slab fromsaw cut 
results.
3. No work was carried out to ascertain the effect of a blind saw cut (which would be the 
case in practice) compared with the full penetration saw cut used in the tests.
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4. The absolute stress is based on the maximum strain measured across the slot (usually 
at about mid-length) which presumably is unaffected by the stress concentrations at 
the ends of the slot although this is not stated explicitly.
In spite of these shortcomings the method has, apparently, been successfully used at a number 
of bridge sites (Forder, 1992).
3.3.4 Blind hole technique applied to reinforcing bars
One way of indirectly determining the in-situ stress in reinforced concrete structures is to find 
out the stress in the reinforcement and thus, assuming strain compatibility and knowing the 
geometry of the section, to deduce the stresses throughout the depth of the member.
Owens (1988) carried out an investigation using the centre hole or blind hole method 
(Beaney, 1974) to determine the load in a reinforcing bar. A small area of the bar was ground
d
Figure 3.7 Strain gauge geometry ( d = 1.57 mm )
down and a target three-element rosette gauge as shown in Figure 3.7 was bonded to the 
prepared surface with an impact adhesive. A small hole was then drilled at its centre target.
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The effect of the drilling is to completely relieve the stresses at the edge of the hole resulting 
in a perturbation of the stress field at that location. It is then possible to determine the 
residual stresses in the bar local to the hole (Beaney, 1974).
This centre hole method is extensively used in the field of mechanical engineering for 
determining the residual (or manufacturing) stress state in metal machine parts, large pipes 
and structural elements with effectively flat surfaces. In a reinforcing bar (placed in a bridge 
deck for example) there are additional stresses due to the applied loads. Owens (1988) refers 
to these as locked-in stresses. In order, therefore, to separate the mechanical stress from the 
locked-in stress, it is necessary to take measurements on an unloaded reinforcing bar and by a 
known relationship between them they can be separately determined.
The method was shown to be suitable for bars of 20mm diameter or greater and accuracy of 
+/- lOkN was claimed for determining the load in the bar. Owens also claimed that it is 
relatively non-destructive in that only a small amount of concrete with a depth equal to the 
cover need be removed. The method is still in current use, but is heavily dependent upon an 
accurate assessment of the manufacturing stresses.
3.3.5 Cut bar technique
A method of measuring dead load stresses in reinforcing bars embedded in concrete bridges 
has recently been developed by LoBEG (London Bridges Engineering Group). Chalkley 
(1994) claims that the method is simple and extremely accurate and allows a full 
reinstatement of the rebar stress and strength on completion of the procedure. It is claimed to 
overcome the problem of locked-in stresses which bedevils stress assessment in steel 
elements.
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Heat
Strain gauge
3 ' Rebar cut 5
Figure 3.8 Cut bar procedure
The procedure is shown in Figure 3.8 and has been used successfully in conjunction with the 
supplementary load testing of bridges and means that a strain gauge can be secured to the bar 
to monitor actual stresses in the bar during the load test. The stress is only measured locally, 
but providing that the bridge deck has good load distribution properties it can give a 
reasonable assessment of how all of the bars are behaving and provide a way of ensuring that 
the test load is not exceeded. It also, of course, allows some assessment to be made of the 
in-situ stresses within the structure.
The stages of the procedure (after Chalkley, 1994) are as follows:
1. Using a covermeter, identify the position of the rebar to be tested.
2. Expose at least 450mm of the rebar by water jetting or similar allowing sufficient 
clearance around the bar for a backing plate to be inserted. Punch gauge marks 
either side of where the bar is to be cut and attach a heat resistant strain gauge
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at the end of the exposed bar remote from the cut position. Measure the 
distance between the gauge marks and take the initial strain gauge readings.
3. Cut the rebar between the gauge marks using a cutting disc and shape the ends 
for butt welding. Take the zero stress strain gauge reading. Calculate the original 
dead plus superimposed dead loading stress in the rebar.
4. Weld the backing plate to the rebar on one side of the cut and heat the rebar until
the gauge marks are the same as originally measured.
5. Complete the welding of the backing plate and butt weld the ends of the rebar. Allow
the weld to cool and check that the original stresses have been restored to the bar by 
the procedure. Repair the concrete.
Chalkley (1994) states that generally a stress of between 75% and 125% of the original stress 
can be restored to the bar which presumably is measured by the strain gauge although this is 
not clear.
It would appear that one of the main weaknesses of this method is that at stage 4 it would be 
very difficult (if not impossible) to restore the original reading (dimension x in Figure 3.8) 
between gauge marks. Even if this could be done by heating the rebar, it is difficult to see 
how the dimension could be maintained when further heat is applied during welding of the 
backing plate to the other side of the rebar. In fact it is not clear why it is necessary to restore 
the original stresses to the bar. Providing the bar has been welded and a further gauge 
measurement taken, then any change of stress locally due to live load will be recorded.
The method seems satisfactory for the assessment of dead plus superimposed dead load 
stresses but is not accurate enough for monitoring live load stresses in its present form. From
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a practical point of view there is the danger that when the concrete is repaired the ers gauge 
will be damaged unless well protected.
3.3.6 Centre hole technique applied to Prestressing Tendons
This technique was investigated at Surrey University by Richardson (1993) and was funded 
by an independent consultant. It also relies on the principles and theory developed by Beaney 
(1974).
The aim of the work was to assess the feasibility of determining directly the stress in a 
prestressing tendon. This had never been attempted before and consequently the main 
objectives were to assesswhether the method was theoretically and practically sound.
By comparing stress concentration factors used in the Kirsch solution (Timoshenko et al, 
1951) for stresses around a hole drilled in a flat plate, with the stress concentration factors 
used in the solution for stresses around a hole in a round bar (Jessop et al, 1959) it became 
clear that the Kirsch solution would not apply directly in converting measured strains to 
stress.
Another problem was that high stress levels in localised areas are likely to exceed the yield 
strength of the material where the uniform stress exceeds 60% of the material yield stress 
(Beaney et al, 1973), and this is particularly so in prestressing systems where the final stresses 
after losses range between 55% to 70% UTS. This means that any calibrated stress release 
measurement system used in-situ would have to rely on empirical factors to account for 
plastic deformation.
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Figure 3.9 Typical stress variations in a steel wire
A final problem was that, like manufactured machine parts, there are residual or locked-in 
stresses in prestressing wires due to the heating, cooling and cold-drawing processes 
involved. A major part o f  the investigation was to determine the locked-in stresses and their 
distribution across the diameter. If this is not known then the proportion of the stress 
attributable to the applied loads is impossible to determine. This was achieved by calibrating 
the stress release mechanism v applied load using a loaded strand and a free strand with 
identical residual stress distributions. According to Richardson^ typical stress variations 
before and after drilling are shown in Figure 3.9, although the residual stresses are somewhat
Two gauge configuration
Rosette configuration
Figure 3.10 Gauge configurations
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higher than typical levels quoted by Owens (1994), who quoted values of 10N/mm2 (+/- 2) 
with compression on the circumference and tension in the middle.
The wires used in the test were taken from the Ynys-y-Gwas bridge and were of nominal 
5mm diameter. These were cut into lengths of 600mm and tested in tension in an Amsler 
stressing machine under loads varying from 0 to 24kN (0 - 65% UTS). Two studies were 
then made: one using a three gauge rosette with a hole drilled at its centre and the other a two 
gauge arrangement with gauges aligned along the centre line and a hole drilled mid-way 
between them ( see Figure 3.10).
The drilling of the centre hole was carried out using a high speed air drill with a 0.8mm 
tungsten carbide tipped bit mounted in an RS-200 Milling Guide. This was clamped to a steel 
plate secured to the Amsler machine. Aligning and drilling required very great precision and 
laboratory conditions ensured that it was possible.
Some mistakes were made in the test procedure and so unfortunately the final results were of 
limited use. The tests did, however, show that the method was feasible provided that 
calibration factors could be reliably determined for the residual stress determination and that 
it is possible to mount the drilling machine accurately over the wire to be investigated in the 
field. This latter problem could prove to be a major stumbling block. In practice, most post 
tensioned bridges have their tendons embedded in concrete by means of grouted ducts, and so 
a considerable amount of work would be necessary to first expose the tendon, and then to 
isolate a single wire for testing. Assuming this was possible and that drilling was carried out 
precisely, the information would be limited to one wire and would not provide information 
about the global state o f  the prestressing. Externally tensioned bridges pose less of a
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problem as far as access is concerned but since the tendons run in groups and are unsupported 
for long lengths, a method would have to be found to clamp and support a short length of 
tendon in space so that it is rigid enough to allow testing. As far as the author is aware these 
difficulties have resulted in temporary abandonment of the method.
3.3.7 Modified Centre Hole Technique for concrete bridges
Owens et al (1994) have developed a technique for determining the stresses in concrete 
bridges based on the standard coring technique developed by Mehrkar-Asl (1988) described 
in section 2.2.
both
The first innovation is that strain measurement can be made^on the surface and at small 
depths below the surface. VW gauges of 50mm active length are attached radially around 
the outside of the nominally 75mm diameter overcore and one VW gauge is attached to the 
surface of the core in the direction of the principle stress which is usually the same as the 
main prestressing tendons. The core is then drilled to a depth of 50mm in 10mm increments 
and strain readings taken at each increment and recorded against depth. Below 50mm the 
surface gauges are not, according to Owen, sensitive to stress relief, and so the 50mm core is 
removed, the bottom of the hole is ground flat, and the same procedure is continued to a 
depth of 100mm and readings recorded as before. The core is recovered and, because of 
practical difficulties, drilling is discontinued. The relieved strains are then used to determine 
the mean in-situ stress acting over the hole depth. Poissons ratio is assumed to be 0.2 and the 
elastic modulus is determined from independent core samples. Owen quotes an accuracy of 
+/- 0.2 N/mm2 or 3%, whichever is greater, for a modulus of 34kN/mm2 and states that the 
non-percentage accuracy is directly proportional to the modulus.
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Owens states that the concrete manufacturing stresses (by which he probably means 
shrinkage stresses) are balanced between different signs in the matrix of the aggregate and 
therefore, if the gauge length and hole diameter are greater than or equal to twice the 
aggregate size, these stresses are localised and do not affect the strain readings. This 
statement is not substantiated, but if true, means that measured surface stresses do not have to
36mm diameter
00
Figure 3.11 Typical gauge layout for multiple holes
be adjusted to take account of shrinkage stresses, a conclusion which is in direct contradiction 
to the conclusions of Mehrkar-Asl (1988). For a normal aggregate size of 20mm this would 
mean that the smallest VW gauge could be used in conjunction with holes of about 40mm 
diameter.
The second, more radical innovation, uses a progression of smaller 36 - 52 mm diameter 
holes with a radial configuration of VW gauges attached to the concrete using a quick setting 
adhesive. The gauges have a 50mm active length and are recoverable for further use. 
Typical gauge layouts are shown in Figure 3.11.
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Owens claims that the use of a series of smaller holes provides a more general distribution of 
stress than the localised stresses determined from the standard technique and does less 
damage to the structure under test. It is also useful where the distance between reinforcing 
bars is small and access difficult. A disadvantage is that shrinkage stresses become more 
significant as the hole size is reduced and have to be taken into account. The method was 
fully verified by experimental work and finite element simulation, although no comments 
were made about the effect of locked-in shrinkage stresses.
3.4 Summary
This chapter has described the various extant methods for determining the in-situ stresses in 
reinforced and prestressed concrete bridges. Stresses can be measured in either the concrete 
itself, or the reinforcing bars, or the prestressing wires which make up the tendons. The 
advantages and disadvantages have been identified in each case.
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Instrumented Inclusion Method 
4.1 Introduction
Chapter 2 described the instumented inclusion which was developed initially for monitoring 
stresses in rock structures and later developed for measuring in-situ stresses in rock .
The idea of using instrumented techniques in concrete was first hinted at indirectly by 
Goodier(1933) who considered the state of stress in a material in the immediate region of 
spherical gaseous inclusions in otherwise uniform stress fields in metals. He considered the 
effect of placing a heterogeneous insertion into a metal prior to or after stressing, such as a 
riveted connection or a steel bar in concrete. Fundamentally, therefore, his work pioneered 
the idea o f  using the insertion or inclusion to actually determine the stresses in the 
surrounding host material.
Other investigators in the field are Carlsson et al (1952); Loh (1954); Dantu (1957); Noel 
(1971) and Ballivy et al (1986). Noel (1971) embedded VW gauges into concrete cores 
embedded as inclusions into concrete structures which were then used to monitor stresses, and 
Ballivy et al (1986) equipped 150mm diameter concrete cylinders with a rosette of VW 
gauges for measuring the long term stresses in dams.
4.2 Inclusion Technique
The first practical suggestion of using an instrumented inclusion embedded in concrete to 
measure in-situ stresses as opposed to monitoring stresses was first mooted by the author 
(Ryall et al, 1990).
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The technique relies upon the stress-relief principle (see Chapter 5) and the process is shown 
in Figure 4.1.
w n  w i H 1 1 n  H LH W U i 1 U
yn
#
t t t t'TT 1 t t t t t.TT 1 ft t t t t t
(a) .(*>) (c)
To data 
logger
(d)
Inclusion
stressed
Overcoring bit
(e)
Core de-stressed (f)
Figure 4.1 Inclusion Process
1. A small locating hole is drilled into the concrete in the region where the stress is
required.
2. An inclusion is inserted into the locating hole and bonded to it by means of a suitable 
compound.
Page 44
Chapter 4  -  Instrumented Inclusion Method
3. Initial readings are taken of the electrical resistance strain (ers) gauges connected to the 
inclusion.
4. The inclusion is overcored incrementally and strain gauge readings are taken until 
overcoring is complete. This may be when the concrete member is partially penetrated (a blind 
hole), or where the member is completely penetrated (an open hole).
4.3 Soft Inclusions
The first practical development of an instrumented inclusion for use in determining in-situ 
stresses in concrete structures was described by Ryall et al (1990). Two types of soft 
inclusion were investigated.
1 A cylinder of low modulus epoxy resin with three strain gauge rosettes bonded to the 
circumference as in Figure 4.2.
2 A cylinder of low modulus epoxy resin with an encapsulated strain-gauged epoxy 
resin cube having ten two-element strain gauge rosettes bonded onto orthogonal diametric 
planes and a plane normal to the axis of the cube as in Figure 4.3.
y
0 = 0
0  =  5 tc/4
Positions o f individual strain gauge 
rosettes on the circumference
= 0
Coordinate system
Directions o f individual strain gauges 
0
Figure 4.2 Soft inclusion with circumferential gauges
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Figure 4.3 Soft inclusion with encapsulated gauges
Rahman (1992) investigated the use of soft inclusions for his PhD and concluded that their 
use is possible from a practical point of view and drew positive conclusions from his work.
There are some disadvantages, however, as follows:
1. The preparation and production of the epoxy resin inclusions is both costly and time 
consuming.
2. The determination of the final stresses in the concrete are dependant upon the elastic 
properties such as the elastic modulus and Poissons ratio of both the concrete and the 
inclusion and Rahman (1992) has shown that the results are highly sensitive to changes in 
their values. Samples of the inclusion material can be laboratory tested at the time of the 
test, but the concrete requires both laboratory and site testing.
3 A comprehensive pattern of both surface VW strain gauges and Demec gauges are 
required in order to record surface strain releases.
4 Imperfect bonding can produce high axial strains and temperature changes can distort 
the upper strain level readings.
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4.4 Hard Inclusions
The sensitivity of the soft inclusion to the elastic properties of both the inclusion and the 
concrete, to temperature and bonding and the need to have a secondary surface mounted 
strain recording system make it a somewhat tedious and difficult procedure. But, unlike the 
methods of Mehrkah-Asl (1988), Abdunur(1990) and Owens (1994), it does have the 
advantage of being able to measure the strains within the body of the concrete and not just 
those on the surface.
The ideal inclusion it seemed, would be one that had the following characteristics:
1. Made from a common material whose properties were accurately known.
2. Of a form that was relatively cheap and easy to manufacture.
3. Not over-sensitive to the values of elastic properties of the concrete.
4. Not over-sensitive to temperature changes.
5. Able to measure both surface and body strains without the need for a supplementary 
surface measurement system.
6. Relatively simple to install and bond to the concrete.
These became the prime objectives o f  the research work reported in this thesis.
It was during the early stages of the literature search around the problem of inclusions in 
general that in 1989 the author came across some research by Couthino (1949) who wrote a 
paper in the context of monitoring stress changes in concrete structures in which he 
articulated the advantages of devising a method of stress determination in a structure which 
did not require an accurate knowledge o f  the elastic constants o f  the host or solid material 
(as he called it), that is the concrete. He proposed a method for monitoring the stresses in a
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structure during service, in essence rendering it a smart or intelligent structure in current 
terminology.
In the paper he explains the reasons why the elastic modulus of concrete can vary widely 
within a single sample and even vary by as much as 20% within a short depth from the 
surface.
He proposed that an inclusion such as sphere, disk or cylinder made from a material different 
from the material constituting the structure and of which the modulus of elasticity is precisely 
known, be inserted in the structure at the point at which the stresses are to be determined. The 
insertion was required to be a perfect fit and to be perfectly bonded to the host material. He 
foresaw no difficulty achieving this by, for example, building such a device into a concrete 
structure during the construction phase.
Couthino drew on the work of Sezawan et al (1931) to develop a theory and considered both 
soft and hard inclusions. Many of the researchers in the field of Rock Mechanics referred to 
in Chapter 2 own Couthino (1949) as their initial inspiration. Some of the main conclusions 
from Couthino’s work which will be referred to in greater detail later are as follows:
1. If  the ratio of the elastic moduli of the inclusion to the solid (E/Es) > 1, then the 
smaller is the effect of local variations in Es; and provided that E/Es > 4, then the 
measured changes in the stress field are found to be almost independent of the 
host material.
2. The greater the elastic modulus of the inclusion, then the smaller are the stresses 
within it and the more difficult they are to measure. A practical range might be
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3 <'Ej/Es < 5.
3. Disturbance of stresses in the solid due to the inclusion extend to a distance of about
three times the radius of the inclusion from its centre.
4.5 Development of the hard inclusion
The steps taken to try and meet the prime objectives listed above are outlined here but 
reported in detail later.
4.5.1 Material and manufacture
To try and satisfy the objectives of 1 and 2 above it was decided to use mild steel as the 
inclusion material. To ensure that it would bond to the concrete it was decided to knurl the 
circumference. The diameter had to be sufficient to ensure that the local effects from 
aggregates would not interfere with the validity of the stress relief principle and research by 
Owens (1994) in his modified overcore method indicates that a diameter of twice the nominal 
aggregate size is satisfactory. Since most structural concrete uses a 20mm nominal aggregate 
size, the diameter chosen for the inclusion was 40mm.
The method of strain detection was to be using ers gauges either singly or in a rosette 
configuration cemented to the inclusion. Initially it was hoped that this research would be 
able to examine the complete state of stress at a point and so it was decided to make provision 
in the manufacture of the inclusion to accommodate gauges on both diametrical planes and on 
the circumference. Typical concrete slab thicknesses (flanges and webs) in post-tensioned 
concrete bridges range between 150mm to 450mm and so the length of the inclusion was 
fixed at 75mm with provision to lock several end-to-end so that a complete stress profile in a 
member could be established. Finally, in order to provide for the passage of the strain gauge
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lead wires, a small diameter hole was drilled for the whole length. A typical individual unit 
is shown in Figure 4.4. In the final version the central machined section was dispensed with 
as funds were not available to purchase and secure circumferential strain gauges, and also 
three small grooves were cut along the length at 60 degree intervals to improve the bonding 
of the inclusion and provide a passage of the lead wires. Details are shown in Appendix B. A 
typical built-up inclusion is shown in Figure 4.5
Steel body
Z
Coordinate system
Figure 4.4 Solid steel inclusion Figure 4.5 Typical built-up inclusion
Plate 4.1 Actual Built-up Inclusion.
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4.5.2 Sensitivity to elastic properties
Objective 3 would be satisfied if  Couthino's prediction of E/E; > 4 is achieved. Steel can be 
assumed to have a value of E = 200 kN/mm2, and with the normal range of concrete modulii 
encountered in practice in concrete bridges of between 20 - 40 kN/mm2 then this inequality is 
easily satisfied. In order to check the validity of this assumption it was decided to carry out a 
finite element analysis in conjunction with the experimental work and this is reported later.
Some idea of its validity can, however, be seen by considering the simple case where an 
inclusion is bonded into concrete but without an intervening ’glue' layer. This is often 
referred to as the no-layer/welded case, meaning that the inclusion is in direct contact with 
the concrete and is completely fused to it. By studying the spread of results for the 
concentration factors A and B, the sensitivity of the Elastic Modulus of the inclusion can be 
inferred. Factors A are the stress concentration factors for the parallel principal stresses 
whilst factors B are the stress concentartion factors for the orthogonal principal stresses, and 
are given by Wilson (1961) as:
A= [(3-v,) (l+v,) E J  / [8(l-Vo) (1+v,) E J  + (5-4v,) / 8 (l-v ^
B= [(l-v,) (l+v,) E J  / [8(l-vJ (1+Vo) E J  + (4Vo-l) / 8 ( l-v ^  
where subscript 0 refers to the host concrete and subscript 2 refers to the inclusion.
The effect on A and B can be seen by keeping the value of Poissons ratio for the concrete (v0) 
constant at 0.2 and varying v2 and E2 for the inclusion. The resulting values of A and B are 
shown plotted in Figure 4.6 and 4.7.
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It can be clearly seen that changing the Modulus of the inclusion drammatically affects the 
spread of results. For the stiffest material (that is, steel E=200kN/mm2) the spread is small, 
whilst for the softest material (that is, epoxy resin E=5kN/mm2) the spread is large.
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4.5.3 Sensitivity to temperature
The sensitivity of the device to temperature changes ( objective 4) was not known at the 
outset, but it was hoped that the use of temperature compensating ers gauges and 
thermocouples secured to the steel would provide the information required. Another 
beneficial fact is that the coefficients of thermal expansion for both steel and concrete are 
normally assumed to be the same and equal to (3 = 0.000012. This means that any restraining 
effect of the concrete on the inclusion would be obviated and thus no strains due to 
differential temperature movements would be induced.
4.5.4 Surface and body strain measurement
The fact that strain gauge rosettes can be secured to the ends of the individual units of the 
inclusion (see Figure 4.2>) means that in theory at least one end of the device can be finished 
flush with the concrete surface thus measuring surface strains, and internally secured gauges 
will record the body strains.
4.5.5 Installation and bonding
The success of the method depends upon a good bond between the steel and the concrete . 
Couthino (1949) did not consider the presence of a bonding material as he assumed that such 
a device in the monitoring mode would be in direct contact with the solid. An inclusion 
inserted into an existing structure, however, must be bonded to it if it is to be of any use at 
all. A cementitious material was initially ruled out be cause of its weakness in tension and 
also of the danger of damaging the ers gauges due to water. There are also operational 
difficulties associated with its use which will be described later. It was decided, therefore, to 
use a two-part epoxy based compound (commonly known as Plastic Padding or Chemical 
Metal) which could be mixed and placed on site without too much difficulty.
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4.6 Testing
Workers in the field of rock mechanics have found that for a soft inclusion with similar cross 
sectional and overcoring dimensions, as proposed in this work, testing in a specimen 300mm 
x 300mm x 300mm is satisfactory. This is also confirmed by Savin (1961) who suggested 
that the diameter of a circle that reaches the limit of the stress contours, as indicated in Figure 
4.8 is to be 2.5D, where D is defined as the pilot hole diameter causing the stress 
redistribution. This is the minimum position at which the ovecoring should be carried out 
and for an inclusion of 40mm the overcore should be in excess of 100mm. For this work an 
overcore diameter of 150mm was adopted.
Overcore diameter
Isoclinic contours
Figure 4.8 Diameter of overcore
A number of tests were carried out using 300mm cubes of concrete and also, in order to 
check this assumption, some tests were carried out using 400mm prisms of 200mm and 
100mm thickness to see whether there was any discernible effect. The full experimental 
procedure is explained in Chapter 5.
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4.7 Stress Relief Principle
The stress relief principle has been alluded to in Chapter 3, and its application to concrete 
structures was referred to above. If any structural element subject to a stable stress field is 
disturbed by drilling or cutting in any way, then there is an immediate redistribution of stress in 
the region of the disturbance. The redistribution can be measured as a strain change, either in 
the material adjacent to the disturbance ( a level 1 change), or it can be detected in a measuring 
device which is installed into the discontinuity caused by the first disturbance ( a level 2 
change). Both methods are indirect ( see Chapter 3) in that they first measure a strain in the 
region of the disturbance which is then converted into a strain in the body of the host material.
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Figure 4.9. Stress Relief Principle.
Figure 4.9 shows the principle in detail. Figures 4.9 (i) and (ii) show the simplest application of 
the principle where a stressed plate anchored at each end is completely cut. The plate becomes 
de-stressed and the elastic change at the cut (A) can be used to determine the original stress in
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the plate a  = E x À/L, where L is the length of the plate. A more complex situation shown in 
Fig. 4.9 (iii) and (iv) is where the stress pattern is disturbed by drilling a hole, for example, and 
the maximum stress adjacent to the hole (ko) can be related to the original stress by a simple 
formula (see Chapter 6) which takes account of stress concentration constants and the elastic 
modulus of the material. Finally, Fig. 4.9 (v) and (vi) illustrate how the host stress can be 
determined by first drilling a hole, then inserting an inclusion and bonding it to the host and 
finally overcoring to release the stress in the material adjacent to the inclusion, but stressing up 
the inclusion itself. The stress in the inclusion can then be related to the host stress (see 
Chapter 6).
The steps involved in practice are shown diagrammatically in Figure 4.1. The concrete 
element is placed under a known stress regime - in this case direct uniaxial compression - and a 
small pilot hole is drilled using a diamond-tipped drill bit. An instrumented cylindrical 
inclusion - the Stressmeter - is then inserted into the pilot hole and bonded into place. The 
strain gauges mounted on the diametric ends of the stressmeter measure the strain when it is 
overcored using a larger diamond-tipped drill bit. The action of overcoring relieves the core 
from the surrounding stresses and the concrete annulus expands or contracts to an unstressed 
state, and the ers gauges attached to the inclusion record the resulting strain changes. These 
strain changes can then be directly related to the strain and stress in the host concrete.
The materials are assumed to be elastic and isotropic and a perfect bond is assumed to exist at 
both the concrete/bonding layer interface and the bonding layer/inclusion interface.
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4.8 Other Factors
Besides the stresses in the concrete blocks due to the applied loads, there are other effects 
which contribute to the overall stress distribution. These are primarily temperature and 
shrinkage and local effects due to the non homogenous nature of the concrete.
4.8.1 Non homogeneity
Dantu (1957) used photoelastic techniques to investigate the stresses and elastic modulus of 
concrete as a whole compared with those of its constituent parts, namely the coarse aggregate 
and the mortar. He carried out an exhaustive test programme by measuring strains on the 
vertical faces of concrete prisms under an applied compressive stress of 1.75 N/mm2 and 
found that there was a large discrepancy between the expected average stress and the local 
stresses in the mortar and the aggregate. He established, by statistical methods, formulae to 
determine the average stress near any point, for each of the media, and suggested that these 
formulae could be extended to the case of variations of temperature and shrinkage.
His research was limited to the surface of the concrete only and it is not clear whether his 
results would apply to the body of a concrete mass. The implication from this research is that 
the size of any instrument must be large enough to average out local effects sufficiently to have 
confidence that the measured stress is meaningful. In the case of a surface strain gauge, clearly 
the gauge length is the critical dimension and Dantu (1957) suggested that a gauge length of 
greater than 1.5 x the size of the coarse aggregate should be sufficient to ensure meaningful 
results. By implication, an inclusion would have to be of similar dimensions and thus an 
inclusion diameter of 40mm would be acceptable. Notwithstanding this, a smaller 20mm 
diameter inclusion was used in a few of the tests.
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4.8.2 Temperature
In a real bridge structure, the presence of temperature gradients throughout the depth of a 
bridge deck results in self equilibrating stresses. These are called primary stresses and occur in 
both simple and continuous spans. In continuous spans there are also additional stresses set up 
called secondary stresses which occur by virtue of the temperature moment at the free ends 
altering the reactions at internal support positions, thereby altering the distribution of moments 
and thus the stresses in the deck.
During testing, none of these stresses are present since the concrete block is at laboratory 
temperature throughout its mass. Temperature changes do occur, however, during the 
overcoring process due to heating from the coring bit as it bites into the concrete and then 
subsequent cooling due to the cooling water that is applied at the drilling surface. The nature 
of these temperature changes is explained fully in Chapter 6, but basically, by waiting for the 
temperatures of both the concrete and the inclusion to settle back to ambient, temperature 
stresses are effectively reduced to zero.
4.8.3 Shrinkage
It was Carlson (1937) who first investigated the drying shrinkage by applying diffusion 
principles to concrete members of different sizes. He compared computed water loss with 
measured shrinkage and concluded that "when both moisture loss and drying shrinkage are 
stated in terms o f per cent o f  expected total, they shcndd be nearly identical " He presented 
tables which enabled the distribution of moisture loss (and hence shrinkage) to be calculated 
throughout the depth of a concrete block of any size. As expected, shrinkage was highest at 
the surface and reduced rapidly with depth. Assuming drying from two opposite faces, then 
after a period of one year the evaporable moisture remaining was all but zero (4%) in the
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surface layer of concrete (0.2 x depth) and was relatively low (25%) and constant in the central 
core.
The differential nature of the drying shrinkage in concrete causes self equilibrating (tensile and 
compressive) stresses within the concrete which result in the summation of the internal forces 
over the cross section to be zero.
Abdunur (1989) has studied the relationship between the drying shrinkage and the stress 
distribution. He carried out tests to determine the actual stress distribution in concrete 
elements and compared these with results from finite element modelling. A typical distribution 
of stress is shown in Figure 4.10, where 'a' represents the thickness of the concrete block.
5
CN
Tension
Compression
-5
0.25a0.125a 0.5a0.375a
Depth
Figure 4.10 Shrinkage stress distribution (after Abdunur, 1982).
The distribution shown in Figure 4.10 was confirmed using 2D and 3D finite element models 
and shows that there is a general increase of superficial tension with depth, which reaches a
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maximum and then falls away to compression in the central part. Abdunur concluded that the 
shrinkage stress profile consisted of two parts, namely:
(i) A parabola over the damaged depth with its vertex at the tensile strength level.
(ii) A central curve, proportional to the water content distribution.
A potential tension (damaged or softened) zone clearly exists, extending over a depth of about 
10% of the thickness of the block. The actual value of the tension will depend upon the extent 
to which drying out has occurred, but after about one year, since it can be assumed that 
shrinkage effects are practically non-existent, tension stresses should be minimal.
All of the 300x300x300 blocks tested were over one year old and so shrinkage was not to be 
a problem. The remaining blocks were between 3 - 6  months old, and due to the slenderness 
of the sections and the dry environment it was assumed that shrinkage stresses would be very 
low if not zero.
4.9 Summary
The basic idea of the inclusion technique has been described together with the principle of 
stress relief on which it is based. The principal differences between the hard and soft versions 
which can be used in practice has been explained and the main arguments for the justification 
for research of the hard inclusion method have been put forward together with the reasons 
behind the development of the final makeup of the inclusion. Finally, the principle of stress 
relief on which it is based has been described.
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5.1 Introduction
The experimental work is based on the stress relief principle referred to in Chapter 3 and 
required the development and manufacture of a practical device to measure the strains (and 
subsequently, the stresses) in concrete specimens subject to load. The device is herein referred 
to as a Stressmeter. Experimental work was carried out in the Heavy Structures Laboratory at 
the University of Surrey using a specially designed, self-balancing, loading frame connected to 
the strong floor, and capable of applying a vertical compressive stress of up to 6.2 N/mm2 to 
the concrete specimen.
5.2 Testing Programme
It was decided to test a range of Stressmeters in a series of concrete blocks of varying sizes 
placed in the loading frame under a known vertical stress. Due to limited resources, only the 
uniaxial regime of loading was considered.
5.2.1 Concrete blocks
The actual minimum size of the vertical face of each block that could be adopted was 
dependent upon the distribution and pattern of stress under load. This was discussed in Section
4.5 and a minimum size of 3 00mmx3 00mm was found to be satisfactory. The thickness of the 
blocks was not critical to the testing process, but it was decided to use a range that reflected to 
some degree that found in practice in post-tensioned concrete box girders. Thus thicknesses of 
300mm, 200mm and 100mm were chosen. In order to test the effect of the inclusion diameter, 
the 300mm and 200mm blocks were tested using 20mm diameter inclusions and the 100mm
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thick blocks were tested using 20mm diameter steel inclusions. The numbers of blocks cast is 
shown in Table 5.1 and the identification,casting and testing dates of all blocks are shown in 
Table 5.2.
300x300x300 400x400x200 400x400x100
block block block
Figure 5.1 Gauge stations.
Due to limitations of time, staff and cost, only a limited number of tests could be performed 
and so to gain the maximum amount of information possible, it was decided to use a multi- unit 
Stressmeter with strain gauge rosettes placed at the ends of the units. For the 300mm thick 
blocks, 5 No: stations were used; for the 200mm thick blocks 3 No: stations were used, and 
for the 100mm thick, 2 No: stations were used. This amounted to a total of sixty nine tests. 
The positions are shown in Figure 5.1.
300x300x300 300x300x300 400x400x200 400x400x100
Number of blocks 3 7 5 5
Number of rossette 3 5 3 2
stations
Table 5.1 Number of blocks manufactured for testing, and numbers of rosette stations.
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Block size Block Number Block cast date Block test date
300x300x300 330-A 15/2/91 13/3/92 X
300x300x300 330-B 16/3/91 20/4/92 /
300x300x300 330-C 12/3/93 25/8/94
Z
300x300x300 333-1 15/4/93 12/10/94 z
300x300x300 333-2 12/5/93 8/11/94 /
300x300x300 333-3 9/6/93 22/11/94 /
300x300x300 333-4 7/7/93 1/12/94 z
300x300x300 333-5 4/8/93 12/12/94 z
300300x300 333-6 1/9/93 19/12/94 z
400x400x200 442-1 12/10/94 20/2/95
400x400x200 442-2 19/10/94 14/3/95
400x400x200 442-3 19/11/94 27/3/95
400x400x200 442-4 9/11/94 23/9/95
400x400x200 442-5 13/10/94 4/4/95
400x400x100 442-6 23/3/95 28/6/95
400x400x100 441-1 23/3/95 5/7/95
400x400x100 441-2 30/3/95 10/8/95
400x400x100 441-3 30/3/95 23/8/95
400x400x100 441-4 6/3/95 31/8/95
Table 5.2 Identification, casting and testing dates of all blocks.
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Three additional 300mm blocks were also cast to act as control blocks before the test 
programme was started in order to ensure that the proposed technique was practical and also 
to ensure that the expected levels of strain were being achieved under load. The control 
blocks, therefore, were cast with a 42mm wooden former through the centre, and when the 
formwork was struck it was removed thus leaving a hole into which the inclusion could be 
bonded.
5.2.2 Concrete mix
It was decided to use a variable concrete mix for all blocks to mirror the situation found in 
practice, and this would also investigate the proposition that the value of the Elastic Modulus 
has little effect on the results. The concrete was mixed in a standard pan mixer in the Concrete 
Laboratory and a typical actual mix proportion used is shown in Table 5.3
Concrete mix. Thames Valley 10mm & 20mm
aggregate with crushed sand in Zone M to BS 1881.
Ingredients Cement 20mm
aggregate
10mm
aggregate
Sand Water
14 kg 27 kg 13.3 kg 31.5 kg 7.0 kg
Table 5.3 Typical concrete mix proportions.
5.2.3 Moulds for concrete blocks.
In order to ensure dimensional accuracy, steel moulds were manufactured. The details of the 
moulds are shown in Appendix C, and the moulds as made are shown in Plates 5.1 and 5.2. 
One of the 300mm blocks cast is shown in Plate 5.3.
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Plate 5.1
Plate 5.2 Steel mould for 400x400x200 and 400x400x 100 blocks.
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Plate 5. As cast 300x300x300 Block.
5.2.4 Youngs M odulus of Elasticity of concrete.
Youngs Modulus is required in the analysis and this was determined in accordance with the 
standard tests laid down in BS 1881. The set up for the test is shown in Plate 5.4. Typical 
Demec readings are shown in Table 5.4, and calculations using the Lotus 1-2-3 Spreadsheet 
are shown in Table 5.5. Complete results are shown in Table 5.6.
L J c
MY " Tjk
M
(* i
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“ 1
Plate 5 .4 Typical set-up for determination o f Youngs Modulus o f Elasticity o f concrete.
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CONCRETE BLOCK MJR-333-1 
Cast 15/4/93
1 div = 8.1mm Readings taken on four faces of block
LOAD Demec Demec Demec Demec
(TONS) 1 2 3 4
1 883 883 885 885
40 820 821 824 823
Difference 63 62 61 62
Table 5.4 Typical Demec readings to determine the Modulus of Elasticity (kN/mm2).
LOAD mm nun nun nun STRESS
(N) 1 2 3 4 N/mm2
9988 7152 7152 7169 7169 0.43
399535 6642 6650 6674 6666 17.2
Difference 510 502 494 502
LOAD mm mm nun mm STRESS
(N) 1 2 3 4 N/mm2
9988 0 0 0 0 0.43
399535 510 502 949 502 17.2
AVG.
Ec (kN/mm2) 32.87 33.4 33.94 33.4 33.4
Table 5.5 Typical calculation for Modulus of Elasticity of concrete (kN/mm2).
Block 330 330 330 333 333- 333 333 333- 333 442 442 442 442 442 442 441 441 441 441
-A -B -C -1 2 -3 -4T 5 -6T -1 -2 -3 -4 -5 -6 -1 -2 -3 -4
Ec
(kN/mm2)
32.7 34.2 37 33.4 38.1 45.3 45.2 42.3 41.5 45.8 43.7 46.2 35.3 42 46.3 36.5 39.4 45 46.1
Table 5.6 Youngs Modulus of Elasticity.
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Once the cubes had been cast, they were allowed to cure for 28 days and then removed from 
the moulds and placed in the Structures Laboratory to dry out and thus reduce, if not 
eliminate, the effect o f shrinkage stresses on the test results.
5.2.5 Concrete strength.
Strength is not an important property when investigating low levels o f stress but cube crushing 
tests were carried out on samples from each block and strength values ranged from 35 - 65 
N/mm2. A typical crushing test is shown in Plate 5.5 and the full results for all blocks are 
shown in Table 5.7,
Block 330 330 330 333 333 333 333 333 333 442 442 442 442 442 442 441 441 441 441
-A -B -c -1 -2 -3 -4 -5 -6 -I -2 -3 -4 -5 -6 -1 -2 -3 -4
4
(N/m m2)
35.4 38.7 45.2 37.5 42.1 65.3 60.2 55.3 62.5 57.8 56 63.2 45.3 58.4 62.1 46.5 55.4 65 56.2
Table 5.7 28 day concrete cube strengths.
Plate 5.5 Typical crushing test.
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5.2.6 Design and construction of the Steel Inclusions.
5.2.6.1 Steel Units
In Chapter 4 the ideal characteristics required for a hard inclusion were described and these are 
reiterated here; it should be:
1. Made from a common material whose properties are accurately known.
2. Of a form that was relatively cheap and easy to manufacture.
3. Not over-sensitive to the values of elastic properties of the concrete.
4. Not over-sensitive to temperature changes.
5. Able to measure both surface and body strains without the need for a supplementary 
surface measurement system.
6. Relatively simple to install and bond to the concrete.
In section 4.4.1 the final form was described and a single and multiple-unit inclusion are
4 ,/
indicated diagrammatically in Figures 4.4 and 4.5. An actual unit is shown in Plate @  and the 
main dimensions indicated in Appendix B. Each of the main units used in the 300x300x300, 
and 400x400x200 blocks was 75mm long and 40mm in diameter. In some cases a smaller 
diameter of 20mm was used in the 400x400x100 blocks. The details were the same except that 
the lead wires were secured in a longitudinal groove and not passed through a hole. The bar 
from which the units were made was classified as bright, free machining, mild steel.
The units were machined in the Civil Engineering Workshop, and the surface was knurled and 
grooved longitudinally in order to provide good adhesion between the steel and the bonding 
agent.
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5.2.6.2 Strain Gauges.
It was decided from the outset to use three element strain gauge rosettes for use on the 
diametric planes of the units and if time and cost allowed to provide some additional gauges on 
the circumference. In the event only rosettes were used and later units were made without the 
central 20mm circumferential groove. To begin with, a 0° - 120° - 240° array was used but this 
was later replaced with a stacked 0° - 45° - 90° array. The specification of the gauges used is 
shown in Table 5.8.
GAUGE DESIGNATION Gauge Description M atrix size
EA - 06 - 125YA - 120 3-Element 60° delta single plane 
rosette.
14.0mmL
11.4mmW
W A -0 6 -0 6 0 W R - 120 3-Element 45° rectangular stacked 
rosette
8.6mmL
10.2mmW
Table 5.8 Characteristics of Strain Gauge Rosettes.
The rosettes were bonded to the steel segments using M BOND 610 Adhesive, cured at 150°C 
and post cured at 175°C. Each element was wired as a 4 wire Quarter Bridge configuration 
using 336 FTE Teflon covered wires. The transducer segments were assembled with the loom 
of wires through the lead wire hole. All wires were clearly identified with tags to indicate their 
position along the segment and the orientation. Thus, for example, lead wires 4.2 means 
station 4 and gauge at 120°, ( or 45° for the stacked rosette) measured clockwise from the 
vertical. The segments were secured with the screw fittings and also bonded together with
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Loctite 638 adhesive. Each station, together with the end fittings were potted with Dowchem 
7091 silicone leaving the 750mm lead wires clear to be secured to a terminal.
4.2
4.3
Stacked 45 degree rosette 60 degree rosette
Figure 5.2 Typical Gauge orientation nomenclature. 
The sequence o f operations is shown in Plates 5.6 to 5.11.
&   - \
Plate 5.6 Inclusion manufacture - Stage 1.
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Plate 5.7 Inclusion manufacture - Stage 2
Plate 5.8 Inclusion manufacture - Stage 3
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Inclusion manufacture - Stage 4
Plate 5.10 Inclusion manufacture - Stage 5
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Plate 5.11 Inclusion manufacture - Stage 6.
S.2.6.3 Bonding agent
The bonding agent used for gluing the steel inclusion to the concrete had to be chosen with 
care. The main properties required were:
1. Strength in tension and compression o f the order o f 15N/mm2.
2. Elastic Modulus not higher than that o f the concrete.
3. Good perpendicular tensile bond strength to steel and concrete o f the order o f 5N/mnr.
4. Relatively simple to mix and apply.
5. A short setting time.
Research revealed that the choice was between an epoxy resin based mix and a cementitious 
mix. The cement grout type was discounted early on as the bond strength to concrete and steel 
was found in most cases to be less than 1 N/mm2. After extensive market research, the choice
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was narrowed down to Chemical Metal and Plusbond 25. A comparison of the two materials 
is shown in Table 5.9._________________ ____ _— — —— E l ,
^  \ 
/  PRODUCT N A M E ^y Plusbond 25 Chemical Metal
Compressive strength (N/mm2) 70 at 7 days to BS6319 Pt.2. 90 at 7 days to BS6319 
Pt.2.
Tensile strength (N/mm2) 24 16
Flexural strength (N/mm2) 18 Not known
Bond Strength (N/mm2) to 
concrete 
Elcometer Pull Off
2.1 to 3 ON concrete 
(failure in concrete substrate) »
Bond Strength (N/mm2) to 
steel
Not known
5c£. TaUc *>'io
Elastic Modulus (kN/mm2) 3.5 5.25
Measured in Stuctures lab.
Setting Time (mins) 45 at 20° C 10 at room temperature
Method of application Injection Hand application
Table 5.9 Comparison of glue properties
The Elastic modulus of the epoxy resin was determined by the procedure laid down in BS 
6319:Part 6 (1984) during the testing period. A typical prism cast for the test is shown in 
Plate 5.12, and a typical test result curve is shown in Figure 5.3.
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Plate 5.12 Test prism for Plastic Padding
PLASTIC PADDING
YOUNGS MODULUS
7
6
5
4
3
2
1
0
-200 0 200 400 600 800 1,000 1,200
MICROSTRAIN
Figure 5.3 Typical stress/strain curve for (Epoxy Resin) Plastic Padding.
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Chemical Metal is traditionally considered as a glue providing a very good bond between a
range of different materials. Nowadays, however, it is considered as more of a suitable
material for the repair of car bodies. The makers technical details, surprisingly, did not quote
bond strengths, and so a test method was devised in the Structures Laboratory to determine
the value of bond strength between steel and Chemical Metal. This consisted of bonding two
steel plates together with a known thickness of Chemical Metal. The sandwich was tested in
tension in the Satec machine by modifying ball jointed grips that had been used for another
3
purpose. Load/extension curves were plotted for plates with a smooth finish, and four 
plates with grooves (the latter simulating the knurling on the actual inserts). The detailed 
dimensions of the device are shown in Appendix D and the set-up shown in Figure 5.4. Plate 
5.13 shows the assembly mounted in the testing machine and Plate 5.14 the upper and lower 
plates after failure.
A Tension force
2mm thick 
glue layer..
^ Tension force 
Figure 5.4 Set up of tensile test on epoxy resin.
Three tests were carried out on smooth plates, and three tests on knurled plates, the latter ones 
simulating the threading of the cylindrical steel inserts in an attempt to improve steel/concrete
V7
steel plate 
|_ A
r
steel plate A
~1
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bond. The results o f the tests are shown in Table 5.10. It is clear that the values are 
remarkably consistant and are more than adequate to resist the tensile forces which occur 
during the overcoring operation for the specimens tested in this research.
Plate 5.13 Set-up for tensile test o f epoxy resin.
Plate 5.14 Upper and lower testing plates after failure.
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Plate type Failure stress 
N /m m 2
smooth 1 (ADH-3) 9.70
smooth 2 (ADH-4) 9.36
smooth 3 (ADH-5) 9.77
knurled 1 (ADH-1) 9.67
knurled 2(ADH-2) 10.01
knurled 3(ADH-6) 10.01
Table 5.10 Tensile strengths of bonding agent
Typical Load/Extension curves are shown in Figure 5.5
Load - Extension curve for Chemical Metal
ADH-1R
ADH-2Rs
E
ADH-4PC
I ADH-5P
ADH-6R
0.2
Load (kN)
Figure 5.5 Load - Extension curves for bonding agent under tension.
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5.2.7 Testing Frame
A special self reacting testing frame was designed, fabricated and assembled to withstand a 
vertical load of 900 kN. The vertical load was applied by means of a lOOOkN hydraulic ram. 
The frame consisted of two vertical Universal Column sections which were bolted to two 
horizontal Universal Beam sections, one at base level and the other positioned so that steel 
packing plates, the concrete blocks, the jack and a load cell could be positioned between them.
1320mm
o
533x210 UB92ocn
1 OOOkN Hydraulic ram
500kN Load Cell- 
Packing plate - 
Concrete block 
Packing plate -
2700mm
533x210 UB92
Water tray '
Figure 5.6 Testing Frame Set-Up
The lOOOkN load cell Serial No:2589N with a Gauge Factor of 9.5895 was calibrated in the 
SATEC machine which is annually certified to within 1%, and the results are shown in Table 
5.11.
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Satec Load (kN) 0 50 100 150 200 250 300 350 400 450 493
Load Cell (kN) 0 50 101 151 201 251 300 350 400 450 492
Table 5.11 Load Cell calibration
The actual dimensions and set-up are shown in Figure 5.6. The frame itself was anchored to 
the floor of the laboratory. In order to keep a check on the load applied, a 500kN load cell 
was positioned between the jack and the top of the concrete block via a steel ball joint. The 
load cell itself was calibrated on a SATEC systems Inc., 500kN screw driven Universal Testing 
Machine up to a maximum load of 493 kN. Prior to testing, each concrete block was levelled 
by means of plastic padding applied to the top of plastic sheeting placed on the lower and 
upper steel packing plates. This also ensured that the effect of any irregularities in the concrete 
causing stress concentrations was eliminated and also reduced the horizontal restraint to the 
top and bottom surfaces. The coring process involved the use of water to cool the coring bit 
and this was collected via plastic sheeting and taken to a water collection tray at the base of 
the frame which was periodically pumped out to prevent overflow.
5.2.8 Procedure
5.2.8.1 Main Testing
The actual step by step procedure for the coring of each block is shown in Figure 5.p. The 
centre of the coring face was first marked up in pencil as a 42mm square in order to provide a 
guide for coring. The load was applied to the concrete specimen resulting in a vertical applied 
compressive stress.
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The coring bit (made either by Impact Diamond Tools or Nimbus) was inserted into the chuck 
of the drill attached to the coring machine which consisted of a Precision Rig made by Emit 
and a Milwauke 900/450 rpm drill and the whole assembly was aligned and anchored to the 
floor.
Front
Face.
Coring
direction
4 1
Overcoring
bit
22mm coring.
Front
Face.
Overcoring
bit
Coring
directio^ Back
Face.
Back
Face.
Front
Face.
Back
Face.
Inclusion inserted and bonded
Front
Face.
---------- ►- Back
Face.
i
Fti-ii— y=t
42mm overcoring. removing overcored section
Figure 5.7 Coring procedure
The detailed testing procedure was then as follows:
1. Core through with a 42mm (or 22mm) coring bit and remove concrete core.
2. Remove dust and loose cement from the cored hole.
3. Mix epoxy mortar.
4. Smear epoxy mortar onto the circumference of the inclusion and around the 
circumference of the cored hole.
5. Insert inclusion into the block and clean off excess mortar.
6. Allow mortar to go off over a period of approximately 24 hours.
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7. Take initial readings o f strain and temperature.
8. Overcore with 150mm diameter coring bit in 25mm increments and record strain and
temperature at each increment.
9. Continue readings for approximately 2 hours after test.
2.
The coring equipment and each o f the above steps is illustrated in Plates 5.15 - 5.23.
Plate 5.15 General set-up.
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Plate 5.16 Drilling o f pilot hole.
Plate 5 .17 Drilling o f pilot hole.
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Plate 5.18 Mixing o f the Epoxy resin.
am
Plate 5.19 Placing o f resin on inclusion.
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Plate 5.20 Placing resin in pilot hole
Plate 5.21 Overcoring.
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Plate 5.22 Overcored concrete.
The readings taken were for each strain gauge at each rosette station and each o f  the two 
temperature (thermocouple) gauges, giving a total o f seventeen readings at each coring 
increment. Ail o f the readings were then reduced to a zero datum and plotted as graphs with 
micro strain on the vertical y-axis and overcoring distance (or time) on the horizontal x-axis.
5.2.8.2 D ata A cquisition
Strain gauge readings needed to be taken during the overcoring process to obtain strain plots 
for diagnostic purposes. An automatic data logging equipment was used with a dedicated 
computer monitoring all active strain channels simultaneously. Readings were taken at 50mm 
and 25mm increments by stopping the drilling process, initiating the reading sequence and 
recording the data. Overcoring was then continued until complete penetration o f the block had 
been made. The data logger remained active after completion to record strains on a time basis 
for a further 24 hour period.
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The incremental overcoring process enabled diagnostic curves of strain against overcoring 
distance to be plotted for each strain gauge rosette at each measuring station. This process 
provided a means of assessing the extent and pattern of strain relief and also to warn of the 
possibility unforeseen variations occurring due to debonding, faulty strain gauges or unusual 
temperature effects.
To eradicate the effects of temperature on the electrical resistance of the strain gauges, 
temperature compensated strain gauges were used with a quarter-bridge connection to the data 
logger. The dummy gauge was attached separately to an unused steel inclusion. With this 
arrangement a balance was achieved. In order to measure the effects of real temperature 
changes brought about by the curing of the bonding material or the overcoring process, 
thermocouples were installed to the inclusion in some of the blocks at appropriate positions 
and the temperature recorded at the same time or distance intervals as strains were being 
recorded by the ers gauges. As expected there was a measurable delay before a temperature 
rise was detected in the inclusion after the coring bit had passed the station due to the thermal 
conductivity of the concrete and the bonding agent. Because the coefficients of thermal 
expansion of the concrete and the steel are similar, the measured effects were quite small in 
comparison to the overall measured strains, also there were no severe temperature changes 
during overcoring.
5.2.8.S Loading and Unloading test
As explained earlier, in order to be reasonably certain that the proposed stress measuring 
device would work, some initial trial tests were devised. The first such tests were carried out 
in 1992 on two blocks (330-A and 330-B) by bonding the gauged inclusion into the block and, 
after a curing period of 24 hours, placing the block into the SATEC machine and loading from
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zero up to a maximum of 450 kN. The second stage test involved inserting and bonding an 
inclusion into & preform ed  42mm hole; placing it in the SATEC machine (Plate 5.22) and 
applying a compressive load. Whilst under load, the inclusion was bonded into the hole and 
after a period o f 24 hours an unloading test was carried out. This process effectively simulated 
the full testing procedure except that the overcoring stage was omitted. Readings were taken 
as described in section 5.2.7.2.
Detailed results o f all o f the above tests in sections 5.2.7.1 and 5.2,7.2 are shown and 
discussed in Chapter 6.
Plate 5.23 Loading and Unloading Test.
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5.3 Summary
The design and manufacture of both the concrete blocks and the steel inclusions has been 
described. The testing of the concrete and epoxy based bonding compound has been explained 
and results tabulated and the instumentation related to the steel inclusions to measure the 
in-situ stressses has been described.
The experimental set-up and the procedure for testing the behaviour and performance of the 
instrumented inclusions has been described. The concrete specimens tested consisted of 
300x300x300, 400x400x200 and 400x4000x100 blocks subjected to loading and unloading, 
and overcoring tests. In some cases, temperature was measured using thermocouples in order 
to assess its effect on the recorded strains and this is more fully described in the next chapter.
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Results of Testing 
6.1 Introduction
The results of all of the overcoring tests are presented in this chapter which were carried out in 
accordance with the procedures described in the previous chapter. The loading and unloading 
tests are first described and then the actual overcoring tests on the remainder of the specimens 
are described and discussed. The sizes of the specimens are defined in Table 5.2.
6.2 Loading and Unloading tests
Three tests were initially carried out in order to establish the feasibility of the proposed 
overcoring method by inserting and bonding the instrumented inclusions into pre-formed pilot 
holes in the concrete blocks. After a period of 24 hours a vertical load was applied in the 
loading tests in increments of 20kN initially and then later increasing to 50kN up to a 
maximum load of 450kN which corresponded to a vertical compressive stress of 5 N/mm2 .
Two blocks (330-A and 330-B) were tested in 1992 and one (330-C) in 1994. The first two 
tests had strain gauges at three internal stations orientated in the vertical, 45°, and horizontal 
directions, namely G , s45 and ex . The third test had strain gauges at five internal stations 
orientated in the vertical, 120° and 240° directions, sy , s120 and s240. The raw data in each case 
has been reduced to best fit values after linear regression.
6.2.1 Loading test on Block 330-A
After bonding an inclusion into the block it was placed into the Satec testing machine (see 
Plate 6.1) and loaded in increments up to a maximum compressive load of 450kN (5N/mm2).
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LOAD Rosette No. 1 Rosette No.2 Rosette No.3
kN (5-00)1 (5-45)1 (5-90)1 (5-00)2 (5-45)2 (5-90)2 (5-00)3 (5-45)3 (5-90)3
0 -1.4 0 1.2 -1.2 0 2.1 -0.2 0.4 1.7
20 -2.3 -0.8 2.3 -1.8 -0.7 3.1 -0.8 0.2 2.8
40 -3.5 -1.6 3.1 -2.1 -0.6 4.6 -2.2 0 3.8
60 -4.3 -2.2 4.8 -3.7 -0.5 5.6 -3.6 -1.2 4.3
80 -6.3 -2.6 5.1 -6.3 -1.3 6.1 -6.1 -1.7 5.3
100 -8.6 -3 5.6 -7.8 -1.7 7.1 -7.7 -1.9 6.5
150 -11.3 -4.4 7.7 -14.9 -2.6 9.5 -11.5 -2 8.7
200 -14.5 -4.8 9.5 -18.4 -2.7 10.7 -16.4 -2.2 10.4
250 -16.4 -5.6 10.8 -23.1 -3.9 11.5 -21.2 -2.6 11.4
300 -21.6 -6.6 13.4 -26.8 -4.8 15.5 -24.6 -3.2 13.7
350 -25.1 -6.9 14.7 -32.2 -4.9 17.2 -28.1 -4 15.4
400 -27.7 -8.2 16.8 -34.6 -5.6 17.7 -33.1 -4.4 17.5
450 -30.7 -8.4 20.1 -39.3 -6.1 21.7 -34.1 -4.6 20.3
Table 6.1 Strain gauge readings for Loading test on Block 330-A
Block 330-A
LOADING TEST 
13/3/92
(5-00)1
(5-45)1
(5-90)1
(5-00)2
(5-45)2
(5-90)2
(5-00)3
(5-45)3
-20
(5-90)3
-30
0 20 40 60 80 100 150 200 250 300 350 400 450
VERTICAL LOAD kN
(fate che*\y of Jc*U).
Figure 6.1 Loading Test results for Block 330-A.
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Block 330-A j
LOADING TEST |  
13/3/92 |
"ISS^K5Œ555SSS^S5535SÎ3Œ5S
(5-00)1
(5-45)1
(5-90)1
(5-00)2
(5-45)2
(5-90)2
(5-00)3
(5-45)3
-20
(5-90)3
-30
-40
5004003002000 100
VERTICAL LOAD kN
Figure 6.2 Regression analysis of Loading Test results for Block 330-A.
Using the theory described in Chapter 7, the measured strains (e1 and s2 microstrain) at the 
centre of the inclusion at each gauge location were converted into the principle stresses ( the 
principle horizontal stress o 1 and the principle vertical stress g2 ) acting at an angle of a  
degrees ( measured positive clockwise from the vertical axis) within the inclusion and then 
converted to the stresses in the concrete block by using the stress concentration factors. 
These are shown in Table 6.2.
Inclusion C oncrete
Rosette El e2 o. ° 2
o
a ° 2
1 20.3 -31.8 2.36 -5.66 4.1 1.22 -3.75
2 22.4 -40.1 2.27 -7.33 -2.2 1.04 -4.92
3 20.9 -36.1 2.22 -6.55 -2.6 1.07 -4.38
Table 6.2 Estimated Stresses for Block 330-A
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6.2.3 Loading test on Block 330-B
The same procedure used for Block 330-A was adopted for Block 330-B with the load again 
taken to a maximum of 450 kN compression. The results are shown in Figure 6.3 and 6.4.
Block 330-B
LOADING TEST 
20/4/92 
W M W W W M W M W jcm cw S
20
0
z.
o
-40
20 40 60 80 100 150 200 . 250 300 350 4 00 450
VERTICAL LOAD kN
(5-00)1
(5-45)1
—e—
(5-90)1 |
(5-00)2
(545)2 
— 6 —
(5-90)2
(5-00)3
(545)3
— e —
(5-90)3
H45WSHWNMJS
Figure 6.3 Loading Test results for Block 330-B
Block 330-B
LOADING TEST 
20/4/92
20
O
6§
-40
400 5000
 —  (5-00)1
(5-45)1
— e —
(5-90)1 
— 8 —
(5-00)2
(5-45)2
— e —
(5-90)2
(5-00)3
(5-45)3
— e —
(5-90)3
SM4Ü44M55555j
Figure 6.4 Regression analysis of Loading Test results for Block 330-B.
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Inclusion Concrete
Rosette 8i e2
0a <h
1 21.6 -53 1.26 -10.23 -6.7 0.13 -7
2 19.3 -37.3 1.78 -6.92 -0.7 0.73 -4.67
3 18.9 -44.4 1.23 -8.51 -5.3 0.23 -5.81
Table 6.5 Estimated Stresses for Block 330-B 
6.2.4 Unloading tests on Block 330-C.
This block (with a pre-formed hole) was placed into the Satec testing machine and loaded to a 
maximum compressive load of 450kN corresponding to 5 N/mm2. The inclusion was then 
bonded into place, and after leaving for 24 hours, the load was slowly removed in increments 
down to zero. The results are shown in Figure 6.6.
Block 330-C
LOADING TEST
25/8/94
-10
« -20
-30
-50
2500 150 200 300 350 45020 40 60 80 100 400
—
—e—
(5-240)4—e—
VERTICAL LOAD kN
Figure 6.6 Unloading Test results for Block 330-C
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Block 330-C
LOADING TEST 
25/8/94
10
0
■10
■20
(5-00)1
(5-120)1
(5-240)1
(5-00)2
200 300
VERTICAL LOAD kN
Figure 6.7 Regression analysis of Unloading Test results for Block 330-C.
Inclusion Concrete
Rosette E, e2 a  ° o2
1 -4.84 37.3 1.4 7.88 0.85 1.36 5.43
2 -5.11 37.51 1.35 7.91 0.86 1.49 5.52
3 -7.26 33.2 0.59 6.82 0.75 0.89 4.75
4 -5.11 37.52 1.35 7.9 0.85 1.5 5.55
5 -5.44 35.11 1.12 7.36 0.8 1.29 5.15
Table 6.3 Estimated Stresses for Block 330-C
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Plate 6.1 Typical set-up o f block in Satec Testing Machine.
6.3 General observations on Loading and Unloading tests
Some general observations were possible on the test results which serve to confirm what it was 
hoped would happen and also to flag up possible problems in relation to the main testing 
programme.
(i) In tests 3 30A and 33OB the response o f the strain gauges was approximately linear and 
regression analysis indicated a strong correlation which was to be expected.
(ii) The response of the strain gauges according to their orientation was as expected. In 
the case o f the 0/45/90 degree rosettes, the former two directions indicated compression and 
the latter tension. In the case of the 0/120/240 degree rosettes, all three indicated 
compression, with the latter two in close agreement as expected.
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(ii) The principal stresses measured at each station varied. The variations were greatest in 
the cases of 330A and 330B and less in the case of 330C. This could be explained by possible 
non-concentric loading and/or the presence of shrinkage stresses. Table 5.2 however clearly 
shows that each of the blocks had been left for more that twelve months before testing and so 
most of the shrinkage would have taken place leaving insignificant residual stresses.
(iii) Principal stress directions varied considerably between a minimum of b & f  and a 
maximum of but were considered to be within acceptable limits.
(iv) Some minor principal stresses (corresponding to the horizontal direction) of the order 
of 1 N/mm2 were present, probably due to the frictional resistance between the concrete blocks 
and the steel plattens in the testing machine. It was decided to try and minimize these by 
placing a plastic sheet at the steel/concrete interfaces.
(v) In all cases the general trend of the strain readings given by the vertical (0°) strain 
gauges changed noticeably at a load of about lOOkN but this did not appear to be mirrored in 
the other gauges. This could possibly have been due to a fault in the testing machine.
Overall the results were encouraging and suggested that the method would work satisfactorily. 
It was noted, however, that all of the gauges in each of the three blocks were either loaded or 
unloaded simultaneously, whereas in the proposed testing procedure the concrete blocks 
would be subject to the overcoring stage and so the effect of the gradual release of stress as 
the overcoring bit reached each strain gauge station was not known. The effects of 
temperature variation due to the heat generated by the drilling and the cooling effects of the 
water were also not known.
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6.4 Overcoring tests on Blocks 333-1 and 333-2.
Each of these blocks had five stations and the gauges were orientated in the 0/120/240 
configuration. The strain change curves for each station together with the corresponding final 
estimated stress (where relevant) will be presented for each case using the concrete modulii 
from Table 5.6.
6.4.1 Block 333-1
MJR333-1
STRAIN AT POSITION 1
D. J^UM SOnm 100mm 150mm 200mm 250mm 295mm CORED 15n
CORING LENGTH /  TIME
Figure 6.1 Strain change curve at station 1.
MJR333-1
STRAIN AT POSITION 2
Figure 6.2 Strain change curve at station 2.
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MJR333-1
STRAIN AT POSITION 3
15
10
0
(3.1)
(3.2)
—e—
(3.3)
' ■vv.v.v.v.v.v.v.v^
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 15 min
CORING LEN G TH /TIM E
Figure 6.3 Strain change curve at station 3.
MJR333-1
STRAIN AT POSITION 4
15
10
5
0
-5
-10
DATUM Sftnm 100mm 150mm 200mm 250mm 295mm CORED 15 min
CORING L E N G T H /T IM E
Figure 6.4 Strain change curve at station 4.
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6.4.2
MJR333-1
STRAIN AT POSITION 5
15
10
1i
—-à—.
(51) $
(5 2) g
—e -
(53)
— 9—
MWMMMSWMiS
DAT 11.1 50mm 100 mm 150 mm 200mm 250mm 295mm CORED 15 min
CORING LENG TH/TIM E
Figure 6.5 Strain change curve at station 5.
Block 333-2
MJR333-2
STRA IN AT P O SIT IO N  1
(1.2)
-G -
0ATUM 60mm 100mm 160mm 200mm 250mm 295mm CORED ISrr
CORING LENGTH/TIM E
Figure 6.6 Strain change curve at station 1.
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MJR333-2
STRAIN AT POSITION 2
15
10
5
0
-10
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 15 min
CORING L EN G TH /TIM E
Figure 6.7 Strain change curve at station 2.
MJR333-2
STRAIN AT POSITION 3 |&
15
10
0
-5
•10
(3.1)
(32)
(3.3)
DATUM 50mm 100rrm 150mm 200mm 250mm 295mm CORED 15 min
CORING L E N G T H /T IM E
Figure 6.8 Strain change curve at station 3.
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MJR333-2 I
STRAIN AT POSITION 4 I
15
10
5
0
-5
-10
(4.1)
(4.2)
—6-
(4.3)
‘‘THSSRHRSKRTSK
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 15 min
CORING L E N G T H /T IM E
Figure 6.9 Strain change curve at station 4.
MJR333-2
STRAIN AT POSITION 5
15
10
5
0
-5
-10
(5.1)
(5.2)
(5.3)
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 15 min
CORING L E N G T H /T IM E
Figure 6.10 Strain change curve at station 5.
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6.4.3 General observations on test results for Blocks 333-1 and 333-2.
Analysis o f these first results was very disappointing. The strain change curves at stations 1 
and 5 were broadly the correct shape, although the levels o f strain were low. The actual 
applied stress o f 5N/mm: should have resulted in a maximum strain o f  about 35 microstrain in 
the principal direction and strains o f about 4 microstrain in the other two directions. This was 
nowhere achieved and at first sight it looked as though the assumed de-stressing o f the 
concrete as the stressmeter was overcored was not happening as expected. The curves 
corresponding to stations 2, 3 and 4 did not appear to relate to anything and seemed quite 
meaningless. The finite element modelling results (see Chapter 9) were checked for logic and 
accuracy and all were found to be in order. The problem clearly lay elsewhere.
It was decided to break open one of the cores to inspect both the integrity o f the bonding 
between the steel inclusion and the concrete and also to inspect the positioning and bonding o f 
the strain gauges. The broken out core is shown in Plate 6.1.
rmÈÊÊÊÊ
Plate 6.1 Broken out core o f block 333-1.
Breaking open the core proved to be a difficult task. The steel inclusion was well bonded to 
the concrete in most areas although there was evidence o f some breakdown between the glue
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and the concrete in a few places. The units were then disconnected from each other and it was 
found that internally at stations 2, 3 and 4, the strain gauge rossettes had been bonded to the 
wrong part of the units. Instead of being bonded to the base of the female part of the unit, 
they had been bonded to the end of the male part which remains virtually unstressed 
throughout the whole overcoring operation. This is because there is a small tolerance between 
the male and female parts in order to enable assembly of the stressmeter and so any stress 
reading is purely coincidental with the two parts actually touching and being tightly wedged in 
some places.
Quality control was improved for the manufacture of the remaining stressmeters to prevent any 
re^currance of wrongly positioning the strain gauges, and it was also decided to reduce the 
applied stress level to reduce the risk of debonding during overcoring which is, in effect, akin 
to peeling away o f the concrete from the stressmeter as the tip of the drill passes the measuring 
station This could be a more onerous condition than if the whole core was gradually 
de-stressed.
As the effect of temperature was not known, it was decided that thermocouples should be 
placed at the front and back (stations 1 and 5) of the next stressmeter to record the 
temperature as overcoring proceeded. This would record entry and exit temperatures and 
would also provide an estimate of the elapsed time required after exit of the core through the 
block for the temperatures to stabilise to those of the initially recorded room temperatures.
With these changes in place the testing programme recommenced.
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6.5 Tests on Blocks 333-3 to 333-6.
These blocks had a glue thickness of 3mm and were tested with the 0/45/90 gauge orientation 
and subjected to a stress of 2.5N/mm2. The thermocouples were placed at stations 1 (front) 
and 5 (back) of blocks 4 and 5. The thermocouple readings indicated that after about one and 
a half hours the temperatures should have stabilised. This can be seen in Figure 6.11.
MJR333-4
TRANSDUCER TEMPERATURE
30
FRONT
BACK
28
26
22
•(>--
20
18
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 15 min 30 min 45 min 60 min 75 min 90 min
C O R IN G  L E N G T H /T IM E
Figure 6.11 Inclusion temperature during and after overcoring.
As expected there is a lag in temperature increase between the thermocouples, and the front 
thermocouple begins to cool before overcoring is complete due to the effects of the cooling 
water. The falling leg of the rear thermocouple is steeper than the front; again as expected 
because there is not the insulating effect of the concrete surrounding the core. Why the rear 
thermocouple recorded a higher temperature than the front is not clear. It could be due to the 
fact that heat is transferred via both the steel inclusion and the concrete core during drilling, 
whereas at the front heat is transferred via the core concrete only. Since the concrete core and 
the inclusion are roughly at the same temperature and the core is unrestrained, and since the
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strain gauges are temperature compensating, then the effect on the strain measurement should 
be minimal. To be sure of stable conditions, however, final readings were taken after 1.5 
hours.
6.5.1 Strain readings from Block 333-3.
MJR333-3 i
STRAIN AT POSITION 1 \
(1.1)0
(1.2)45
(1.3)90
■(>-•
100mm
C O RIN G  L E N G T H /T IM E
Figure 6.12 Strain change curve at station 1.
MJR333-3
STRAIN AT POSITION 2
CORED PILOT HOLE DIAMETER 46mm 
INSERT DIAMETER 40mm
(2 .1)0
(23)
I
g
I
5
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
CORING L E N G T H /T IM E
Figure 6.12 Strain change curve at station 2 .
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MJR333-3
STRAIN AT POSITION 3
20
(3.1)0
(3.2)45
15
(3.3)90
10
5
0
X
■5
-10
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
CORIN G  L E N G T H /T IM E
Figure 6.13 Strain change curve at station 3.
MJR333-3
STRAIN AT POSITION 4 j
20
15
10
=-©•5
0
-5
-10
(4.1)0
(4.2)45
—e—
(4.3)90
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
CORING L E N G T H /T IM E
Figure 6.14 Strain change curve at station 4.
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MJR333-3 |
STRAIN AT POSITION 5 1
20
(5.1)0
(5.2)45
(5.3)10
0
-10
-20
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
CORING LENGTH /  TIME
Figure 6.15 Strain change curve at station 5 .
6.5.2 General observations on test results for Block 333-3.
These results were very gratifying and provided hope that the method was practical. Generally 
the shapes of the strain change curves and the final readings of the 0/45/90 stacked strain 
gauges were consistent with what was expected. The only exceptions were the 0° reading at 
stations 1 and 2 which at 13.5 microstrain were lower than the expected 17 microstrain. This 
could have been due to local bond failure or improper bonding when the inclusion was first 
inserted. Indeed, it was found to be very difficult to ensure a full bonding around the 
circumference of the inclusion when inserting it horizontally into the block, as the epoxy resin 
tended to flow downwards from the top. This effect was minmised by continually packing the 
resin in during the curing period until it had hardened, and them smoothing off with a timber 
template.
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The insitu stress values calculated at each station are given in Table 6.4.
Inclusion Concrete
Rosette Ei E2 °2 a °2
1 14.63 -3.04 3.02 0.3 2.6 2.16 0.39
2 17.4 -3.22 3.61 0.44 5.9 2.59 0.53
3 16.11 -3.12 3.33 0.38 4.5 2.39 0.47
4 16.05 -4.05 3.26 0.17 2.9 2.33 0.31
5 16 -4 3.25 0.18 0 2.32 0.32
Table 6.4 Insitu stress values as calculated at each station for Block 333-3.
The final calculated stresses in the concrete are close to the expected value, and again there is 
evidence of transverse restraint due to friction between the block and the machine.
6.5.3 Strain readings from Block 333-4.
MJR333-4
STRAIN AT POSITION 1
20
15
10
SS
0
•10
(1.1)
(1.2) 
-e-
(1.3)
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
CORING LEN G TH /TIM E
Figure 6.16 Strain change curve at station 1.
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CORED PILOT HOLE DIAMETER 42m m  
INSERT DIAMETER 40m m
MJR333-4
STRAIN AT POSITION 2
2.3 v y  2
20
15
.4 )------
0
-10
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
CORIN G  L E N G T H /T IM E
(2.1)
(2.2)
(2.3)
Figure 6.17 Strain change curve at station 2.
C O R ED  PILOT HOLE DIAM ETER 42m m  
IN SERT DIAM ETER 40m m
MJR333-4
STRAIN AT POSITION 3
20
15
10
5
0
-5
-10
(3.1)
(3.2)
—e—
(3.3)
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED GO min
C O R IN G  L E N G T H /T IM E
Figure 6.18 Strain change curve at station 3.
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MJR333-4 g
STRAIN AT POSITION 4 g
-10
DATUM 50mm 100mm 150mm 200mm 250mm
C O R IN G  L E N G T H /T IM E
(4.1)
(4.2) 
-©-
(4.3)
■HWWHHMWSsI
295mm CORED 90 min
Figure 6.19 Strain change curve at station 4.
MJR333-4
STRAIN AT POSITION 5
1S35SRS53SS335SS55S5SS5S
-10
I
-20
-40
(5.1)
(5.2) 
—6—
(5.3) 
—®—
DATUM 50mm 150mm 200mm 250mm
C O R IN G  L E N G T H /T IM E
295mm CORED 90 min
Figure 6.20 Strain change curve at station 5.
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6.5.4 General observations on test results for Block 333-4.
The strain change curves followed expected patterns and recorded reasonable final values for 
each of stations 1 to 4. At station 5, however, the falling arm of the 0° gauge recorded a 
maximum value of -40 microstrain, nearly double the expected value, and a final value of 10 
microstrain, well short of the expected value of 17 microstrain. The excessively large 
compressive strain reading just prior to breaking through with the coring drill can possibly be 
explained if the reading was taken, not at 250mm, but much closer to 300mm, when the strain 
would be expected to be much larger due to the smaller area of concrete under compression. 
The final low value of the 0° is probably due, as previously, to a bond failure or lack of initial 
bond.
The final estimated stresses are given in Table 6.5
Inclusion Concrete
Rosette e, e2 °2
o
a ° 2
1 12.08 -3.88 2.4 -0.06 -4 1.7 0.1
2 16.6 -3.31 3.43 328
0 3 ?
4.2 2.46 0.46
3 17.07 -4.57 3.45 0.12 3.3 2.46 0.29
4 15.03 -3.53 3.07 0.21 2.3 2.19 0.33
5 14.87 -11.13 2.53 -1.47 28.8 1.71 -0.89
Table 6.5 Insitu stress values as calculated at each station for Block 333-4.
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6.5.5 Strain readings from Block 333-5.
MJR333-5
STRAIN AT POSITION 1
C O R ED  PILOT HOLE DIAM ETER 42m m  
IN SERT DIAM ETER 40m m
■^SSSSS3S5555S53SSS3533S5333S38S333S33S8S35535SK
20
15
10
5 --
0
*( )——
-5
•10
(11)
(1.2) 
-e -
(1.3)
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED OOmin
C O R IN G  LENG TH /T IM E
Figure 6.21 Strain change curve at station 1.
C O R ED  PILOT HOLE DIAM ETER 42m m  
IN SERT DIAM ETER 40 m m
MJR333-5
STRAIN AT POSITION 2
2.1
20
15
10
-----------------  (>-
5
0
-5
-10
(2.1)
(22)
(22)
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.22 Strain change curve at station 2.
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MJR333-5 |
STRAIN AT POSITION 3 1
20
15
10
5
0
-5
-10
DATUM 50mm 100mm 150mm 200mm 250mm 295mm
CO RIN G  L E N G T H /T IM E
(3.1)
(3.2)
—e -
(3.3)
CORED 90 min
Figure 6.23 Strain change curve at station 3.
MJR333-5
STRAIN AT POSITION 4
20
10
0
-10
-20
-30
DATUM 50mm 100mm 150mm 200mm 250mm
C O R IN G  L E N G T H /T IM E
295mm CORED 15min
Figure 6.24 Strain change curve at station 4.
Page 115
Chapter 6 -  Results o f Testing
C O R E D  PILOT HOLE DIAM ETER 42m m  
IN SER T DIAM ETER 40m m
MJR333-5
STRAIN AT POSITION 5  |
—6)-- ffi
5
-10
-20
-30
DATUM 50mm
(5.1)
(52)
—e-
(5.3)
100mm 150mm 200mm 250mm 295mm CORED 15min
C O R IN G  L E N G T H /T IM E
Figure 6.25 Strain change curve at station 5.
6.5.6 General observations on test results for Block 333-5.
The strain readings were more erratic for this block than the previous ones. Readings at 
stations 1 and 2 were within the expected limits. At station 3, the 0° and 45° strains were as 
expected, but the 90° value although of the expected level was of the wrong sign. At station 4 
all of the values were well below the expected values, probably due to local bond failure 
between the steel and the concrete or maybe the gauges were not properly fixed to the steel. 
At station 5 only the 90° gauge was at the expected value, the other two were well below, 
again indicating a breakdown in bond.
The final estimated stresses are given in Table 6.6.
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Inclusion Concrete
Rosette Ei £2 o, o, a o, O,
1 25.58 6.07 6.02 3.02 48.2 4.41 2 4 7
2 18.85 -6.05 3.74 -0.09 2.5 2.63 0.15
3 17.9 0.1 3.94 1.2 30 2.84 1.07
4 18.5 0.6 4.11 1.35 27.9 2.96 1.18
5 9 -3 1.78 -0.07 0 1.25 0.05
Table 6.6 Insitu stress values as calculated at each station for Block 333-5.
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40m m
MJR333-6
STRAIN AT POSITION 1
20
15
10
0
-5
•10
(1.1)
(12) 
-e—
(1-3)
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED
CORING LEN G TH /TIM E
Figure 6.26 Strain change curve at station 1.
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6.5.7 Strain readings from Block 333-6.
MJR333-6
STRAIN AT POSITION 2
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40m m
20
15
10
-10
(2.1) $
(2.2)
(2.3)
TSSSSSSSSSSSSS»
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED OOirin
CORING LENG TH/TIM E
Figure 6.27 Strain change curve at station 2.
MJR333-6
STRAIN AT POSITION 3
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40mm
20
0
-6
•10
(12) 
—e —
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED
CORING LENG TH/TIM E
Figure 6.28 Strain change curve at station 3.
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C O R E D  PIL O T  H O L E DIA M ETER 4 2 m m  
IN SE R T  D IA M ETER 4 0 m m
MJR333-6
STRAIN AT POSITION 4
20
z
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 90 min
C O R IN G  L E N G T H /T IM E
Figure 6.29 Strain change curve at station 4.
C O R E D  PIL O T  H O L E D IA M ETER  4 2 m m  
IN S E R T  D IA M E T E R  4 0 m m
MJR333-6
STRAIN AT POSITION 5
20
10
- — (  )
0
-10
(5.1)
(5.2)
-e
<•
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED
C O R IN G  L E N G T H /T IM E
Figure 6.30 Strain change curve at station 5.
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6.5.8 General observations on test results for Block 333-6.
Generally the strain readings were all close to expected values. No unusual behaviour was 
noted and the bond between the steel and the concrete stood up well at the most vulnerable 
station, namely No. 5. The final estimated stresses are given in Table 6.7, and the temperature 
variation is shown in Figure 6.31.
Inclusion Concrete
Rosette Ei e2 O, °2 a o2
1 15.01 -3.4 3.07 0.24 -0.9 2.17 0.34
2 16.51 -3.51 3.4 0.32 1.4 2.4 0.41
3 16.5 -4.3 3.34 0.14 0.3 2.35 0.29
4 16.51 -4.51 3.33 0.1 1.4 2.34 0.25
5 16.01 -3.52 3.29 0.28 1.6 2.32 0.38
Table 6.7 Insitu stress values as calculated at each station for Block 333-6.
MJR333-6
T R A N S D U C E R  T E M P E R A T U R E
I  19 5
S
—e —
DATUM 50mm 100mm 150mm 200mm 250mm 295mm CORED 15 min 30 n
CORING LENGTH /  TIME
45 min 60 min 75 min 90 mm
Figure 6.31 Inclusion temperature during and after overcoring.
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The same lag of temperature occurs as for Block 333-4, but the values of the absolute 
temperature differ from previously. The water cooling appears to have been more effective by 
actually taking the temperature of the front thermocouple down below ambient room
temperature and keeping the back thermocouple to just above ambient.
6.6 Tests on Blocks 442-1 to 442-6.
These blocks were tested with the 0/45/90 gauge orientation and subjected to a load of 2.5
N/mm2. There were p^o readings stations as described in section 5.2.1, both set in 25mm 
from the outside front and rear faces, and it was hoped that this would minimise the effects of 
poor bonding when the inclusion was inserted and also produce less of a sudden stress change 
as the coring drill neared the second station and therefore possibly minimise the danger of bond 
failure during drilling.
6.6.1 Strain readings from block 442-1 to 442-6.
MJR442-1
STRAIN AT POSITION 1
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40mm
20
15
10
~ o -
5
0
-10
DATUM 25mm 50mm 75mm 100mm 125irm 150mm 175mm 200mm CORED OOmin
CORING LEN G TH /TIM E
Figure 6.32 Strain change curve at station Ifor block 442-1.
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MJR442-1
STRAIN AT POSITION 2
C O R E D  PILOT HOLE DIAMETER 42m m  
IN SERT DIAMETER 40m m
20
10
0
•10
-20
22
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED 90min
C O RIN G  L E N G T H /T IM E
Figure 6.33 Strain change curve at station 2 for block 442-1.
C O R ED  PILOT HOLE DIAMETER 22m m  
IN SERT DIAMETER 20m m
MJR442-2
STRAIN AT POSITION 1
y5 —o
-10
CORED OOmin150mm 175mm 200mm125mm100mmDATUM 50mm
CORIN G  L E N G T H /T IM E
Figure 6.34 Strain change curve at station 1 for block 442-2.
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MJR442-2
STRAIN AT POSITION 2
CO R ED  PILOT HOLE DIAMETER 42m m  
IN SERT DIAMETER 40m m
20
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>-—■—...( )
0
-10
-20
DATUM 25mm 50mm 75mm 100mm 125mm ISOnm 175mm 200mm CORED OOmin
CORIN G  L E N G T H /T IM E
Figure 6.35 Strain change curve at station 2 for block 442-2.
C O R ED  PILOT HOLE DIAMETER 42m m  
IN SERT DIAM ETER 40m m
MJR442-3
STRAIN AT POSITION 1
B 2 V 2
20
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~ —     ( ;
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DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.36 Strain change curve at station Ifor block 442-3.
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MJR442-3
STRAIN AT POSITION 2  j
C O R E D  PILOT HOLE DIA M ETER 42m m  
IN SER T DIAM ETER 40m m
20
10
--O
0
■10
-20
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.37 Strain change curve at station 2 for block 442-3.
MJR442-4
STRAIN AT POSITION 1
C O R E D  PILO T H O L E D IAM ETER 2 2 m m  
IN SE R T  D IAM ETER 2 0 m m 1.3
20
15
10
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DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.38 Strain change curve at station Ifor block 442-4.
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MJR442-4
STRAIN AT POSITION 2
C O R E D  PILOT HOLE DIAMETER 42m m  
IN SERT DIAMETER 40m m
20
10
0
-10
-20
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.39 Strain change curve at station 2 for block 442-4.
2.2
-©-
C O R ED  PILOT HOLE DIAMETER 42m m  
IN SERT DIAMETER 40m m
MJR442-5
STRAIN AT POSITION 1
0 ■2
V
-10
1.2
— e —
1.3
JXWWN-KWHWKj
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.40 Strain change curve at station Ifor block 442-5.
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MJR442-5
STRAIN AJPOSHION 2
C O R E D  PILOT HOLE DIA M ETER 42m m  
IN SERT DIAM ETER 40m m
-20
100mm 125mm 150mm
C O R IN G  L E N G T H /T IM E
Figure 6.41 Strain change curve at station 2 for block 442-5.
C O R E D  PILOT HOLE D IAM ETER 42m m  
IN SER T DIAM ETER 40m m
MJR442-6
STRAIN AT POSITION 1
20
15
10
5
Xo
-5
-10
OOminCORED200mm175mm150mm125mm100mm50 mm25 mmDATUM
1.2
—©--
1.3
C O R IN G  L E N G T H /T IM E
Figure 6.42 Strain change curve at station Ifor block 442-6.
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MJR442-6 ^
S T R A IN  AT P O S IT IO N  2  |
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40mm
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED l . T n
CORING LENGTH/TIME
Figure 6.43 Strain change curve at station 2 for block 442-6.
Inclusion Concrete
Block Rosette Ev Oi a ° Oi
442-1 1 1 6 . 7 2 - 3 . 6 4 3 . 4 3 0 . 3 10.5 2 . 4 6 0 . 4 2
442-1 2 1 8 . 5 6 - 4 . 0 7 3 . 8 1 0 . 3 3 3.2 2 . 7 3 0 . 4 6
442-2 1 14 .3 9 - 3 . 1 1 2 . 9 6 0 . 2 7 9 2 . 1 4 0 . 3 8
442-2 2 1 6 . 6 2 - 5 . 0 2 3 . 3 2 - 0 . 0 1 -1.6 2 . 3 9 0 . 2
442-3 1 1 6 . 7 1 - 4 . 0 3 3 . 4 1 0 . 2 2 5.6 2 . 4 4 0 . 3 6
442-3 2 1 6 . 2 - 4 . 5 3 . 2 6 0 . 0 8 -0.4 2 . 3 3 0 . 2 5
442-4 1 1 6 . 5 8 - 5 . 3 9 3 . 2 9 - 0 . 0 9 7.8 2 . 2 5 0 . 1
442-4 2 1 7 . 2 3 - 4 . 5 3 3 . 4 9 0 . 1 4 2.2 2 . 4 0 . 2 7
442-5 1 1 5 . 6 8 - 3 . 6 3 . 2 1 0 . 2 4 9.5 2 . 2 7 0 . 3 5
442-5 2 1 8 . 7 6 - 3 . 4  8 3 . 6 9 0 . 4 7 6.4 2 . 7 6 0 . 5 5
442-6 1 1 7 . 2 9 - 5 . 6 3 . 4 3 - 0 . 0 9 8.7 2 . 4 4 0 . 1 4
442-6 2 18.25 -4.06 3.74 0.31 2.8 2.69 0.45
Table 6.8 Estimated stresses in blocks 442-1 to 442-6 (positions 1 and 2 only).
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MJR442-1
STRAIN AT POSITION 3
C O R E D  PILOT HOLE DIAM ETER 42m m  
IN SER T DIAM ETER 40 m m
-20
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
C O R IN G  L E N G T H /T IM E
Figure 6.44 Strain change curve at station 3 for block 442-1,
2.1
MJR442-2
STRAIN AT POSITION 3
C O R E D  PILO T HOLE DIA M ETER 4 2 m m  
IN SE R T  D IA M ETER 4 0 m m
10
■<>—
0
" x .
• 10
-20
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED Ottnin
C O R IN G  L E N G T H /T IM E
Figure 6.45 Strain change curve at station 3 for block 442-2.
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MJR442-3
STRAIN AT POSITION 3
C O R ED  PILOT HOLE DIAM ETER 42m m  
IN SERT DIAMETER 40m m
■ jin  111 lïïiïïittiiïïtïïïïtttitt i » j  jY H u /j jT h
20
10
■o~
0
-10
-20
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
CORIN G  L E N G T H /T IM E
Figure 6.46 Strain change curve at station 3 for block 442-3.
2.1
MJR442-4
STRAIN AT PO SITION 3
C O R E D  PILO T H O L E D IA M ETER 4 2 m m  
IN SE R T  D IA M ETER 4 0 m m
20
10
-<>•
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-10
-20
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED Ottnin
C O R IN G  L E N G T H  /  T IM E
Figure 6.47 Strain change curve at station 3 for block 442-4.
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MJR442-5
STRAIN AT POSITION 3
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40mm
10
0
■10
-20
2.2
-©-
IHUSMU4UUUI
DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
CORING L E N G T H /T IM E
Figure 6.48 Strain change curve at station 3 for block 442-5.
CORED PILOT HOLE DIAMETER 42mm 
INSERT DIAMETER 40mm
MJR442-6
STRAIN AT POSITION 3 g
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}— —
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DATUM 25mm 50mm 75mm 100mm 125mm 150mm 175mm 200mm CORED OOmin
CORING L E N G T H /T IM E
Figure 6.49 Strain change curve at station 2 for block 442-6.
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Inclusion Concrete
Block Rosette El o , <*2 a 0 Oi <*2
442-1 3 1 7 . 1 7 - 3 . 5 8 3 . 5 4 0 . 3 5 3 . 6 2 . 5 4 0 . 4 6
442-2 3 1 6 . 3 - 4 . 0 8 3 . 3 2 0 . 2 0 . 7 2 . 4 0 . 3 5
442-3 3 1 6 . 0 5 - 3 . 5 6 3 . 2 9 0 . 2 8 3 . 1 2 . 3 6 0 . 4
442-4 3 1 6 . 3 3 -4 . 84 3 . 2 7 0 . 0 1 7 . 4 2 . 2 5 0 . 1 7
442-5 3 1 2 . 8 3 - 1 . 4 4 2 . 7 2 0 . 5 3 2 . 8 1 . 9 4 0 . 5 3
442-6 3 1 6 . 2 3 - 3 . 5 4 3 . 3 3 0 . 2 9 2 . 5 2 . 4 0 . 4 1
Table 6.9 Estimated stresses in blocks 442-1 to 442-6 (position 3 only).
6.6.2 General observations on test results for Blocks 442-1 to 442-6.
Overall the tests went very well. The overcoring proceeded in steps of 25mm and so more 
readings were available for diagnostic purposes and the resulting strain change curves were 
reasonably consistent with what was expected. There was no obvious failure of bond either 
between the steel and the epoxy resin, nor the steel and the concrete, but in some cases it was 
suspected. For example in Block 442-6 at Position 2 there is an unexplained sudden drop of 
strain in the 45° gauge at a coring depth of 100mm but it does not appear to have affected the 
final result.
Temperature was recorded in Block 442-2 and is shown below in Figure 6.50. The sudden 
drop in temperature at the front of the inclusion is probably due to the continual effect of the 
the cooling water over the coring period. Clearly the back position is cooled by water for a 
relatively short period of time.
Page 131
Chapter 6 -  Results o f  Testing
MJR442-2
TRANSDUCER TEMPERATURE
C A ST  PILOT H O L E D IA M ETER 2 2 m m  
IN SER T D IAM ETER 2 0 m m
21
20
O  19
Ï
g
18
17
16
DATUM 50mm 100mm 150mm 195mm CORED 15 min
C O R IN G  L E N G T H /T IM E
Figure 6.50 Temperature of inclusion at positions 1 and 2 as coring progresses.
6.7 Tests on Blocks 441-1 to 441-4.
These blocks were tested with the 0/45/90 gauge orientation and subjected to a load of 2.5 
N/mm2. There were two reading stations as described in section 5.2.1 both set in 25mm from 
the outside front and rear faces as for the 442-2 blocks. The smaller size of 20mm diameter 
for the inclusion was chosen since in practical situations where there might be a congestion of 
steel reinforcement it would be possible to overcore with a smaller overcoring drill, namely 
100mm diameter. This could avoid the necessity of cutting through the reinforcement and 
distorting the readings. A smaller diameter overcoring drill is not possible as the requirement 
for the ratio of the overcoring drill to the pilot hole diameter to be greater than 3 must be 
maintained in order to minimise the boundary effect on the strain gauges.
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6.7.1 Strain readings from block 441-2 to 441-4.
CORED PtLOT HOLE DIAMETER 22mm 
INSERT DIAMETER 20mm
DATUM 25 mm 50 mm 75 mm 95 mm CORED 90min
CORING LENGTH/TIM E
MJR441-2
STRAIN AT POSITION 1
Figure 6.51 Strain change curve at station 1 for block 441-2.
MJR441-2
S T R A IN  AT P O S IT IO N  2  \
   i
CORED PILOT HOLE DIAMETER 22mm 
INSERT DIAMETER 20mm
DATUM 25 r CORED 90min
CORING L E N G T H /T IM E
Figure 6.52 Strain change curve at station 2 for block 441-2.
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MJR441-3
STRAIN AT POSITION 1
CORED PILOT HOLE DIAMETER22mm 
INSERT DIAMETER 20mm
20
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0
-10
-20
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&Ui!iMMW5SSS
50 mm 75 mm 95 mm
CORING LENGTH /  TIME
Figure 6.53 Strain change curve at station 1 for block 441-3.
MJR441-3 I
STRAIN AT POSITION 2 1
CORED PILOT HOLE DIAMETER 22mm 
INSERT DIAMETER 20mm
20
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o
-10
-20
50 mm 75 mm 95 mm
CORING LENGTH /  TIME
Figure 6.54 Strain change curve at station 2 for block 441-3.
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CORED PILOT HOLE DIAMETER 22mm 
INSERT DIAMETER 20mm
MJR441-4
smwfti. wï -1.
z  10
CORED98
CORING LENGTH/TIME
Figure 6.55 Strain change curve at station 1 for block 441-4.
CORED PILOT HOLE DIAMETER 22mm 
INSERT DIAMETER 20mm
MJR441-4
STRAIN AT POSITION 2  B
O "
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-10
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CORING L E N G T H /T IM E
Figure 6.56 Strain change curve at station 2 for block 441-4.
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6.7.2 General observations on test results for Blocks 441-1 to 442-4.
No strain change curves are available for block 441-1 because it became damaged during 
testing and had to be discarded. As the pilot hole was being drilled a vertical crack appeared 
on the line o f the vertical axis o f the hole (Plate 6.1). This was probably due to an excess load 
on the testing frame which had been increased to 5 N/mm2. It should have been anticipated, 
because slender concrete sections exhibit a tendency to horizontal tension under vertical 
compression loads. To prevent reoccurrence, the load was reduced to 2.5 N/mm2.
Generally, the results were as expected with levels o f strain in accordance with theoretical
to
predictions. The final estimated stresses in the concrete are given in Table 6.0. The integrity o f 
the bonding o f most o f the inclusions appeared to have been maintained, but there were several 
exceptions, namely Block 441-2 position!; Block 441-3 position 2 and Block 441-4 position 2.
Plate 6.1 Vertical crack in Block 442-1.
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Inclusion Concrete
Block Rosette e, < v <*2 a
441-2 1 0.42 -4.59 -0.21 -0.98 39.8 -0.23 -0.73
441-2 2 15.33 -2.12 3.23 0.55 -2 2.4 0.66
441-3 1 16.01 -2.32 3.37 0.55 1.7 2.58 0.71
441-3 2 16.32 -1.37 3.5 0.78 8.4 2.7 0.89
441-4 1 15.4 -1.7 3.27 0.64 -0.5 2.53 0.78
441-4 2 8.02 -0.01 1.76 0.53 2.1 1.38 0.56
Table 6.0 ID Estimated stresses in blocks 441-2 to 441-4.
[
In Block 441-Ï all of the gauges registered values of almost zero. The reason is unclear, but 
the most likely cause is an almost total breakdown of the bond between the concrete and the 
steel. In Block 441-3, the results are good up to the cored position, but then begin to drop off 
with time. Again, the most likely cause is breakdown of bond between the concrete and the 
steel or possibly a creep effect due to the propogation of micro-cracking within the concrete 
annulus. In Block 441-4, The strain change curves look promising to start with but just after 
the coring drill has passed the gauge position the strains do not reach expected values. This is 
probably due to a partial breakdown of bond.
Of the total of 8No. measuring stations in the four blocks, only 3 yielded any meaningful 
results. The suspected breakdown of bond may be due to local weaknesses in the matrix of 
sand/cement in the immediate vicinity of the inclusion causing not so much a breakdown of the 
steel/concrete bond, as a tensile failure in the matrix itself. This is less likely in a strong, well 
mixed and properly compacted concrete than concrete which is weak and both poorly mixed 
and compacted. The other possiblity is that the surface of the concrete in the pilot hole was 
either not free of dust from the drilling process, or not rough enough to ensure a good
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adhesion of the epoxy resin to the concrete when put in place. The small 20mm diameter 
inclusion is clearly more sensitive to these effects than the larger 40mm one.
6.8 Temperature measurement.
Temperature was recorded at both of the measuring stations in Block 441-4, and is shown in 
Figure 6.51. The temperature follows very much the expected pattern, with as normal the 
front thermocouple registering a drop due to the greater exposure to the cooling water.
MJR441-4
TRANSDUCER TEMPERATURE
CORED PILOT HOLE DIAMETER 22m m  
INSERT DIAMETER 20m m
23
22
 ©•>
0  21
I»
19
18
FRONT 5
DATUM 25 mm 50 mm 75 mm 95 mm CORED 15min
CORIN G  L E N G T H /T IM E
30min 60min
Figure 6.51 Temperature measurement in Block 441-4.
6.9 Correlation of results.
to
The final principal stresses given in Tables 6.4 to 6.0 inclusive (44 in all) have been correlated 
and are shown in Figure 6.52. The assessed stresses being those determined from the results 
of the inclusion method.
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Correlation of results
Applied concrete stress
Regression line
20 30
Reading num ber
Figure 6.52 Correlation of results.
A linear regression analysis for the general equation form of y = a + bx yielded values of a = 
2.33342N/mm2; b = 0.0009 (that is a slope of almost zero). ' _ . This is
encouraging as it indicates that there is a constant correlation factor which is independent of 
the number of tests carried out. If this is the case, the meaningful value is that for 'a' which 
when compared to the actual applied stress value of 2.5 N/mm2 gives a correlation factor of 
1.071. If a simple average is taken for all of the results, the value is 2.33364 which, as 
expected, is close to the previous value of'a'.
Therefore, in practice, in-situ test results would be related to the actual applied stress by the 
equation:
(Actual in-situ stress) = 1.071 x (Assessed stress).
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6.9 Summary
The results of the calibration tests on concrete blocks 300x300x300; 400x400x200 and 
400x400x100 have been presented along with some preliminary general observations. The 
tests included initial loading and unloading tests to test the viability and practicability of the 
testing method followed by full tests on a total of 16 specimens with 44 reading stations.
All of the tests used biaxial mild steel inclusions and all of the blocks were subject to a uniaxial 
vertical stress of 2.5 N/mm2.
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7.1 Introduction
At any point in a solid elastic medium subject to a tri-axial stress system, the stress a t-any point 
in the medium can be represented by the well known system of stresses as shown in Figure 7.1.
a ,
x z
z
a
Gi
Figure 7.1 Stress system at a point in a solid.
There are three normal stresses ox, oy and a z and three shear stresses acting on the faces of the 
cube in directions parallel to the edges of the cube. This is equivalent to a system of three 
normal principal stresses a „  o 2 and g 3 as shown in Figure 7.1 provide that their directions are 
also known. In practice the state of stress can be defined by the tensor:
<?x Txy Txz
Tyx CTy Tyz
tzx Tzy <*z
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then by applying well known formulae, the magnitude and direction of the principal stresses 
can be found.
If a hole of radius a is drilled in such a cube, then a redistribution of stress occurs, and it is 
possible to carry out a complete analysis of stress in the block under arbitrary given boundary 
stresses. The components of stress at a radius r from the centre of the hole in terms of a 
system of cylindrical co-ordinates r, 0 and a were defined by Hayes (1965) and are shown in 
Figure 7.2.
PH38
Figure 7.2 Stress components in Cylindrical Co-ordinates.
The equations can be written as :
1. = (ctx + oy) (1 - a2/!2)/! + [(ox - Gy)  (1 - 4a2/r2 + 3a4/r4 ) cos 20 ]/2
+ 1^ ,(1 - 4a2/r2 + 3a4/r4 ) sin 20
2. p09 = (<rx + a y) (1 + a2/r2)/2 - [ (a x - oy) (1 + 3a4/r4) cos 20]/2
- 1 ,^(1 + 3a4/r4 ) sin 20
3. Pn = -v [ 2(ox - gv) aVr2 cos 20 + 4xxy a2/r2 sin 20]+ oz
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4 .  pr6= - (gx - oy)[ (1 + 2a2/r2 - 3a4/r4 ) sin 20 ]/2
+1^(1 + 2a2/r2 - 3a4/r4 ) cos 20
5. pez = ( - Txz sin 6 + Tyz cos 0) (1 + a2/r2)
6. prz= (-T^ cos 0 + Tyz sin 0) (1 - a2/r2)
If a hard material in the form of a ring or disc is inserted into the cube before the application of 
an external stress field, then stress concentrations are set up around the inclusion. The 
problem was initially solved by Muskhelishvili (1953) and later summarized by Savin (1961) 
for the problem of an infinite elastic plate with a circular hole into which an elastic ring or disc 
has been inserted.
The analysis assumes that the plate material is isotropic, homogenous and elastic, and that the 
stresses were applied at infinity. The problem was also studied by Sezawa and Nishimura 
(1931); Goodier (1933) and Couthino, (1949). They all produced solutions for the stresses 
around and within an elastic inclusion. The influence of the glue or the bonding layer can be 
taken into account by considering the boundary conditions at the inclusion/glue and glue/host 
interfaces, and this problem was studied by Matsuki (1987), Spathis and Truong (1987) and 
Spathis (1988).
7.2 Problem Definition
The solutions developed for the inclusion problem by the original researchers assumed that the 
inclusion already existed in the host material before the external stresses were applied. The 
overcored inclusion problem is essentially the same problem but in reverse. The applied 
stresses caused by overcoring induce stresses in the inclusion which can be measured using
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suitable strain gauges. These can then be used to determine the in-situ stress system. The basic 
geometry of the problem is shown in Figure 7.3.
Strain gauge rosette
| | Host material (concrete) InclusionGlue (bonding materail)
Figure 7.3 Geometry of the problem.
Provided that the following assumptions are made, then the governing equations for a plane
strain analysis should be valid.
1. All three media (inclusion, glue, concrete) are linear elastic, homogenous and isotropic.
2. Continuity of radial and shear stresses and radial and tangential displacements exist 
across the interfaces throughout the whole overcoring process.
3. The relaxation strain caused by the overcoring is elastic and instantaneous and is equal 
and opposite to the strain in the concrete in the unrelieved state. All relieved strains 
induced by overcoring are transmitted to the inclusion.
4. The inclusion is located at a position where the condition of infinite strain may be 
achieved as the process tends to infinity for self-equilibration and the overcoring 
diameter is outside the affected local stress zone, (ie) effectively an infinite radius.
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The validity of the assumptions can only be tested by a finite element model (see Chapter 9), 
and the deviations can be detected in the test results (see Chapter 6). By calibrating the model 
against the laboratory testing, a useful correlation may be determined to factorize the 
calculated results.
7.3 Governing Equations
7.3.1 Basic formulae
The formulation developed by Savin (1961) is used to consider the stress concentration in an 
inclusion which has a finite annular layer between it and the host material.
The problem is shown diagrammatically in Figure 7.3 where the suffices refer to the following: 
0 - host material; 1 - glue and 2 - inclusion. E = Elastic modulus and v = Poissons ratio.
Three sets of stress and displacement equations are possible (Spathis, 1990).
For the host material these are:
ar = (p + q) (1 - y» R„V)/2 + [(p - q) (1 - 2[30R02/r2 - 350R04/r4 ) cos 20 ]/2 
a0= (p +  q )(I+ y 0 Re2/!-2) / ! - [ (p -q ) ( l -  300R07r4) cos 20]/2
Tr0 = -(P - q) [(1 + PoRo'/r2 + 3S0R0 /r ) sin 20]/2
ur = [Ro(p + q)/8G0] [(Xo - l)r/R0 + 2y0R0/r] + [R0(p - q)/8G0]
* [2r/Ro + po(Xo + l)R0/r + 2S0R03/r3] cos 20 
ue = - [Ro(p - q)/8G0] * [2r/R0 + p,(%, - l)R0/r - 280R07i3] sin 20
EqiA j (i )
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For the glue layer the equations are:
<Jr = (p + q) CP, - c, R07iJ)/2 + [(p - q) (Ô, - 2a,R07r2 -3/2bR04/r4 ) cos 20 ]/2
cr0= (p +  q)(P1 + c, R07r2)/2 -[(p -q )( 8r 6y,r/R02 -72btR04/r4) cos 20]/2 
Tre = (p - q) [(SYjf/R,,2 -Si-a, R /^r2 - 72bR04/r4) sin 20]/2 
», =  [Ro(P + q)/8G0] [P(Xi - l)r/Ro + 2clR0/r] +
[R0(p - q)/8G0] * [yi(xi+ 3)f/R,3 + 28,r/R0
+ HiCXi + l)Ro/r + bjRoVr3] cos 20 
u6 = - [R„(P - q)/8G0] * [yi(xi+ 3y /R 03 -28ir/R0
- a/Xi - l)R(/r + b.R/Zr3] sin 20
where subscript i = 1 refers to the glue and i = 2 refers to the inclusion, and Gi refer to the 
inner radius and shear modulus of the concrete i and %; = 3 - 4vi for the plane strain conditions 
assumed in the analysis. The unknown parameters p ., ôi , , a ., b- and c. must be determined
from the appropriate boundary conditions at each interface.
7.3.2 Solution
The previous equations are solved for boundary equations which allow for continuity of radial 
and shear stress, and radial and tangential displacements across each interface - often referred 
to as 'welded' boundary conditions. At each interface these conditions can be expressed as 
follows:
Atr = R0 o,(0) = crr(l)
t ti,(0) = t t i (l)  
u, (0) = u ,( l)  
u6 (0) = ue (l)
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At r = R, o r (1) = <3, (2)
^  (1) = (2) 
u, (1) = u, (2)
u e ( 1) =  ue (2)
The boundary conditions involving the radial components of stress and displacement produce a 
total of ten 0 independent terms and 0 dependent terms. The boundary conditions for the 
shear stresses and tangential displacements produce a further five 0 dependent terms. 
Substituting the boundary conditions into equations (1) and (2) results in a set of simultaneous 
equations which may be expressed as:
[ A ] [ x ] = [ b ]
where [ A ] is a 12 x 12 matrix and
[ X ] = [P2, p , , a, ,  y2 , y , , S2, 8, ,  c, , b , , Po, Yo, S0 ]T where 
superscript T denotes the transpose of the vector.
[ b ] = [ 0, 0, 0, 0, 0, 0, 1, 1, -1, (x0 -  1), 2, -2 ,]T 
The entries in the matrix [A] for the welded boundary conditions at each interface are shown in 
Table 7.1.
The solution of the parameters in vector [ x ] gives a complete solution for the stresses and 
displacements in the three media.
For example, consider the boundary conditions between the glue and the concrete at r = R .^
radial stress in glue = radial stress in inclusion 
o, (2) = a, (1)
Consider the 0 independent term in the equation for or , 
then (P2 - c2 R/ZR/ ) = (P, - c, R02/R22 )
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For the stresses at the centre of the inclusion to be bounded, , b2 and c2 = zero.
Thus -p2 + - Cj Rq2/ ^ 2 = 0
Comparing these coefficients with those in [ x ]T gives
( - 1, + 1, 0, 0, 0, 0, 0, - 1^ , 0, 0, 0, 0 ). 
which equals row 1 of matrix [A ]
Coefficients from x are then calculated from [ A ]  [ x ] = [ b ]. The stress concentration 
factors A and B are then calculated and back substitution enables calculation of the field 
stresses p and q.
7.3.3 Stress Concentration Factors
The principle stresses in the inclusion are given by:
cr=0P= Mp + q) / 2 + Mp-q) / 2
c e = a q= 02(p + q ) / 2 - 82( p - q ) / 2
where P2 = G2 (x0 + 1) /  [ ( 2G2 + G0(x2 ~ 1) ]
and S2 = 6G2 (x0 + 1) / [ G0(x2 + 3) + G2(3x0 + 1) ] 
G, = E i / 2 0 + V i )
X0 -  3 - 4 Vj for plane strain
Inverting the above equations enables the field stresses to be determined from
p = A a p + B o , 
q = B a p + A a ,
This can be written as:
[ p ]  = [ k ]  [ o  ]
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" p A B c t p
B A
where A and B are the stress concentration factors and are given by:
A = 1 /2  P2 + 1 /2  02
B = 1 /2  P2 - 1 /2  02
7.4 Computer Program >
7.4.1 Calculation of in-situ stresses in the field
It is clear from the foregoing that once the concentration factors have been determined, the 
calculation of the in-situ stresses in the concrete is a trivial matter. The stresses in the
inclusion can be directly measured and recorded on a portable data logger and the elastic
modulus of the concrete can be determined using Pundit. If Poissons ratio is assumed as 0.2, 
then all of the data is available to determine the concentration factors A and B by solving the 
system of 12 simultaneous equations for the parameters P2 and ô2. The unknown coefficients 
of matrix [ x ]can be found from:
[ x ] = [ A ] 1 [ b]
It seemed logical, therefore, to write a program for this and to install it on a lap top
computer for use in the field. The whole operation of drilling; installing the inclusion;
overcoring; recording the inclusion stresses and post processing to determine the in-situ
Z'.'A.JW.fâ'/S'i.
stresses then becomes completely field orientated as shown in Figure 7.4.
Figure 7.4 Field measurement and assessment.
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For the 'welded' / 'welded' condition, matrix A is given by:
-1 1 0 0 0 0
0 0 -IV 0 0 -1
0 0 -F02 -3Ro2 3R02 1
"(X2" 1)^ 02^ 02 (%2_ 1)^ 02 Gq2 0 0 0 0
0 0 (Xrl)RoiGoi -(X2-3)R203G02 (X2-3)R,03Go, -2R20G02
0 0 -(Xi-l)RoiGoi -(X2+3)R203G02 (X2+3)R203G01 2R2oGo2
0 1 0 0 0 0
0 0 -2 0 0 0
0 0 -1 0 3 0
0 (X.-1)G01 0 0 0 0
0 0 (Xi+ l)G0i 0 (Xi+3)G01 0
0 0 -(Xi-l)Goi 0 (Xi+3)G0, 0
0 -IV 0 0 0 0
1 0 - w 0 0 0
-1 0 - w 0 0 0
0 2R02G01 0 0 0 0
2Ro2G01 0 Ro2'Go, 0 0 0
-2Ro2G01 0 R023GOi 0 0 0
0 -1 0 0 1 0
1 0 -% 2 0 3
-1 0 -% 1 0 3
0 2Go, 0 0 -2 0
2G01 0 G0, -(Xo+l) 0 -2
2G„ 0 G0i (Xo-1)
Table 7.1 Matrix A.
0 -2
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where:
R% = Radius of Inclusion; Ry = Radius of Hole; RQ2 = R0/ R 2 ; R^ y = 1 / R^
and the Shear Moduli and Lame's constants are defined as:
G0 = E0/ 2 ( l + v 0); G1= E 1/ 2 ( l + v 1); G2 = E2/2(1 + v2);
G01 = G0 / G, ; G02= G 0/ G 2;
X0 = 3 - 4  v0; %, = 3 - 4  v, ; X2 = 3 - 4  v2 ;
\
7.4.2 Programme Formulation ~ j <
The Computer programme was written in Turbo Basic which provides both the simplicity and 
power required and is constructed by means of a series of subroutines which have been written 
to provide flexibility of use in future programmes (Linton, 1995). Some routines, such as that 
for matrix multiplication are stand-alone and can be used for use by other main programmes 
which require such a device. The programme does not at the moment operate in the Windows 
environment, but it does incorporate mouse operated menus for ease of use. As with all 
programmes, the user should have some idea of the order of magnitude of the results expected 
in order to identify unusual results.
7.4.3 Programme Structure
The data is assembled in discrete blocks with entry points as indicated in the flow chart shown 
in Figure 7.5. These are defined as:
(i) Material Properties (concrete; inclusion; glue).
(ii) Gauge type (layout of ERS gauges, ie 45°; 120° etc.).
(iii) Strain Rosette (gauge configuration).
(iv) Strain Readings (taken in the field).
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The programme calculates the principle stresses and strains appropriate to the input, and 
displays them in a graphical format on the screen.
(  START )
Strain RosetteMaterial
Property
Gauge
Type
Strain Readings
Data valid
Calculate 
Principal 
strains and stresses
Mohrs
Circle
Inclusion stressy 
calculation /
/  Exit \  
Programme,
EXIT
Figure 7.5 Programme Flow Chart.
Matrix manipulation is carried out within the programme by the use of subroutines for matrix 
addition, subtraction, transposition and inversion. The inversion routine uses the Gauss Jordan
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method which is basically the same as the Gaussian Elimination method but with some slight 
differences and is only valid for a positive definite matrix which recognises that all the elements 
of the diagonal in the original matrix are non zero and positive. For the solution of the twelve 
simultaneous equations presented in the theory for the inclusion technique, it was necessary to 
develop a pre-process to ensure that the equations could be rearranged into a new order such 
that the lead diagonal is positive definite. Once the equations have been successfully reordered 
and the matrix has been converted, the resultant coefficient vector is reordered to suit the 
original arrangement of coefficients.
7.4.4 Analysis of strain data
The method of least squares is used to determine the most probable values of measured strain 
readings, subject only to random errors. The present research has relied on the use of three 
gauge rosettes, but it is often the case in practice to use more than three in order to obtain 
redundant readings. This enables the detection of mistakes and with the additional data, better 
estimates of the most probable values are possible. The readings can also be given weightings, 
but in this work all of the readings have equal priority and therefore weighting is not included.
7.4.5 Tensor quantities
For the plane strain and plane stress problem, the solution of the tensor quantities can be found 
by a process known as the 1 Power Method 1 (Linton, 1995). This is an iterative method which 
is appropriate to use when the eigenvalues and eigenvectors required are few in number.
It is assumed that the « x « matrix [ H ] is symmetric and real, with n independent
eigenvectors Xl5 X2,  Xn, (Rao, 1992). An initial start vector, Z0 , is chosenjvhich
generates a series of vectors Zl5 Z2 Z_, as
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Z = [ H ] Z . _ ,
so that in general the p  th vector is given by:
Zp = [ H]Z , _ ,  = [ H ] 2Zp„2 = ...... [ H F Z 0
The iterative process is continued until the following relationship is satisfied:
Zp, l  ZP,2 .......... Zp n
------------------------------        =  ^ -i
Zp.i, 1 Zp.2,2   Zp_n, n
where Zp, j and Z j are the j th components of vectors Zp and Z x respectfully, and Xj is the 
desired eigenvalue.
The programme can also be used to find the minimum eigenvalue and corresponding 
eigenvector by the same process except that the [ H ] matrix must first be inverted. This 
generates the reciprocal values of X and hence finding a maximum for X., will produce a 
minimum for X.
[ H ] - 1X = X1X 
therefore maximum of X_7 = minimum X.
7.4.6 Determination of stresses
The relationship between strain and stress in a two dimensional plane is a function of the 
Youngs Modulus and the Poissons ratio of the material as given by the formula:
<7, E / 1 V 0
1
Xe
0
!
11 ^-1 1 v 1 0
e9
V r
0 0 (l-v)/2
L__ _
ZYxy
where:
E = Young's modulus of the inclusion material
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v = Poisson's ratio of the inclusion material
a  = Stress component of either x or y direction 
x = Shear stress component 
s = Strain component of either x or y direction
y = Shear Strain component
When the principal strains or stresses have been determined, they are then stored in an array to 
be evaluated by the eigenvalue procedure discussed in section 7.4.5. The format of the strain 
and stress tensor is:
For principal strains ex Yxy
Yxy sy
For principal stresses xy
Txy Cy
7.5 Use of the programme
7.5.1 Basic definitions
The programme is called ISTRESS.EXE. It can be used on any computer which supports the 
use of a mouse and has a colour monitor of at least Video Graphics Adapter (VGA) standard. 
The programme uses options or 'Buttons' for the selection of the main menus. The four 
buttons are named File; Data; Stress and Inclusion and the drop down menus associated with 
each are shown Figure 7.6, and the descriptions are shown in Table 7.2.
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Button Menu Option Description
File New Allows the analysis of a new set of data with all 
previously stored data set to zero.
Open and Save Enables the storage and recall of previously 
analysed strain rosette data.
Cancel removes the current data from the screen.
Data Mat Prop Entry of Material Properties
Gauge Type Gauge geometry
Strains Strain readings
Stress Calculate Displays results of the actual strains and stresses 
together with the principal stresses and strains
Mohrs Circle Used to view the relationship between the actual 
and principal strains or stresses.
Inclusion Inclusion Calculation and display of field stresses
Table 7.2 Summary of Programme Options 
The gauge angles are defined from the horizontal axis and measured clockwise (with zero in 
the first quadrant). Strain readings are defined as Negative for tension, and positive for 
compression, and a maximum of six gauge readings are possible. A maximum of six strain 
readings are at present possible from a single rosette, though theoretically the number can be 
unlimited.
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An example of the programmes use is taken directly from one set of measured results from 
the laboratory tests as follows:
Gauge diameter = 40mm Glue thickness = 2mm
Youngs Modulus Poissons Ratio
Concrete 30 kN/mm2 0.2
Inclusion 200 kN/mm2 0.3
Glue layer 5 IcN/mm2 0.4
Gauge is a 45° stacked rosette 
The windows for each of the computational stages is shown in Figure 7.6 (a) - (e).
Material Prop Ref 
Gauge Type Ref 
P late Thickness
Concrete 
Inclusion  
Glue Layer
: 1 .0 0  
Modulus o f  
E la s t ic ity  
30.00 
200.00 
5.00
Poissons
Ratio
0.20
0.30
0.40
Add Remove Exit
Figure 7.6 (a) Materials Properties Definition
Gauge Type Ref 
No o f Readings
2
3
Angle 1 
Angle 2 
Angle 3
90.00
2 1 0 . 0 0
330.00
Gague D ia : 40
Angle 4 
Angle 5 
Angle 6
Glue Thk
0.00
0.00
0.00
Add Remove E xit
Figure 7.6 (b) Gauge Type Definition.
S tra in  R osette Ref 2
R osette T it le %
!I
l i — H1IB11—
Gauge Type 
Location x o !
.. ■BIiaiillM lllliW lllllBIM UBH  
y : 0 .000  z : 0 .000
Angle 1 : 90.00 S tra in  1 : -40.70
Angle 2 : 210.00 S tra in  2 : -6 .0 0
Angle 3 : 330.00 S tra in  3 : -6 .0 0
Angle 4 : 0 .00 S tra in  4 : 0 .00
Angle 5 : 0 .00 Stra  in 5 : 0 .00
Angle 6 : 0 .00 S tra in  6 : 0 .00
+ — Add Remove E xit
Figure 7.6 (c) Strain Rosette Definition.
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S tra in  R osette  Ref 
R osette  T it le
x -x  
y-y 
Shear
Max P r in c ip a l  
Min P r in c ip a l 
Max Shear
+ — Calc
: Test R osette  2
STRAIN STRESS
5 .567  -1 .4 6 0
-4 0 .7 0 0  -8 .5 7 8
— 0 .0 0 0  — 0 .0 0 0
5 .567  -1 .4 6 0
-4 0 .7 0 0  -8 .5 7 8
0 .0 0 0  0 .0 0 0
E x it
Figure 7.6 (d) Stress Calculation Data.
Strain Rosette Ref '  2
Rosette T itle ! Test Rosette 2
Modulus of Poissons Shear Lames
E lastic ity Ratio Modulus Constant
Concrete : 30.0 0.20 12.5 2.200
Inclusion : 200.0 0.30 76.9 1.800
Glue Layer : 5.0 0.40 1.8 1.400
Concentration Inclusion Field
Factors Stresses Stresses
0.68 1.46 1.37
0.05 8.58 5.86
+ Calc Exit
Figure 7.6 (e) Field Stresses form Inclusion Calculation.
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7.6 Parametric study using above theory.
In Chapter 4, section 4.4.2, the effect on the concentration factors for the welded/welded 
condition was illustrated, and it was shown that the variation is least when the Modulus of the 
inclusion is high. The same effect is manifested when a glue layer is inserted as shown in 
Figures 7.7 and 7.8.
Variation in Stress Concentration Factors for four 
different inclusion materials; glue thickness=lmm; 
glue modulus=5kN/mmA2, and four concrete grades.
0.2
m
Q
I
o.i
■ o
■ o ® 
■ o ©
K K *
0.5
Ei=200 kN/mmA2
Ei=100kN/mmA2
O
Ei=80 kN/mmA2 
®
Ei=30 kN/mmA2
1
Stress concentration factor A
1.5
Figure 7.7 Variation of A and B for varying grades of inclusion material and concrete. 
I Ec = 25, 30, 35 & 40 kN/mm2. :
m
o
I
% - 0.1 
I
- 0.2
Variation in Stress Concentration Factors for an epoxy 
inclusion material; for a glue thickness of 1mm and four 
grades of concrete.
e
0
0
2.5 3 3.5
Stress concentration factor A
Ei=5 kN/mmA2
Figure 7.8 Variation of A and B for an epoxy inclusion.
E = 25, 30, 3*5 & 40 kN/mm2.
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It is clear that the same phenomenon occurs in that for the inclusion materials with a relatively 
high modulus, the spread of values is small; whilst for the soft inclusion the spread is large. 
This is further corroboration of the fact that the use of a hard inclusion is less sensitive to the 
variation in the modulus of the concrete.
7.7 Summary
This chapter has considered the basic problem of stresses in an elastic medium and shown the 
development of the theory to the problem of a discontinuity due to the presence of a hole or a 
stiffer inclusion. The governing equations for the solution to the problem have been expressed 
and their solution has been described. The concept of stress concentration factors has been 
described and their use in finding in-situ (or body) stresses has been explained.
The development of a computer programi ; to compute stresses in the field is described and 
an example is given to illustrate its use. Finally a limited parammetric study has been 
performed to show how the concentration factors A and B vary with changes in the elastic 
constants of the host concrete.
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Application to A3/A31 Flyover Bridge
8.1 Introduction
The A3/A31 Flyover bridge crosses over the A3 just north of Guildford. It carries two lanes 
of traffic and comprises a two span continuous post-tensioned concrete box construction. The 
general elevation and typical cross section are shown in Figure 8.1.
20m 50m
SOUTH ELEVATION
10900
260:
450 vanes
225
4900
TYPICALSECTION
Figure 8.1 South Elevation and Typical Cross section of the A3/A31 Flyover.
The two spans are 20m and 50m with an overall deck width of 11.2m and a skew of 55 
degrees.
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The bridge was completed in 1976 and adopted what was at the time a novel method of 
prestressing, namely external prestressing whereby the strands are located outside the concrete 
section in space. They are anchored at the ends and continue in straight lines to deviator 
points where they change direction. The system used was the CCL Strandforce comprising 
240 No. 19mm diameter 19 wire external, plastic coated, grease filled strands contained 
within the void of the box segments. A further 90 No. fully bonded strands are provided over 
the central pier.
8.2 Background
The bridge has a chequered history dating back to when it was first constructed. The initial 
stressing of the bridge in December 1974 had to be halted in January 1975 due to the failure 
of five strands and malfunctioning of the anchorage castings. Stressing did not commence 
again until December 1975 and was finally completed in 1976.
In October 1978 during a routine inspection by Surrey County Council bridge engineers, 
some structural cracking of the abutment and intermediate diaphragms was noted (see Plates
8.1 & 8.2) These were monitored by a team from the University of Surrey over a period of 
about six months and were found to be progressive. This resulted in closure of the bridge and 
of both lanes of the A3 underneath. Strengthening works were carried out by providing 
transverse prestressing to the abutments and diaphragms to prevent further cracking. This 
was deemed successful and the A3 traffic was duly allowed to flow again in June 1981, whilst 
traffic over was further delayed until January 1982.
Regular inspections were carried out subsequent to re-opening in the form of Strength 
Assessments to BA 16/93 and BD 21/93, Special Inspections to BA 50/93 and BD 54/93 and
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Plate 8.1 Cracking at Abutment
Plate 8.2 Cracking at Diaphragm and webs.
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finally a Principle inspection to TRMM 2/88. It was during the latter inspection in 1994 that 
serious structural defects of the strands were discovered. Two strands in the longer span had 
completely failed at the anchorage zones and some individual wire failures were noted in a 
number of others.
The condition of the strands were then monitored every two weeks by a novel but 
complicated inspection technique described by Broomen et al (1996). The inspection results 
indicated continuing failure and so the traffic on the bridge was reduced to a single lane in 
June 1994.
Further intensive inspection revealed that further wires had failed and so the bridge was 
closed to all traffic later that month and a temporary prop was placed at mid-span of the 
longer span. A permanent propping system was designed which had to be capable of 
carrying the self weight of the bridge and a 7.5 tonne loading in accordance with BD 21/93. 
The system had to allow for keeping both lanes of the A3 dual carriageway flowing and allow 
for a single lane of traffic on the bridge. It later had to be able to support a temporary single 
lane flyover placed on top of the bridge to enable works to be carried out. The way in which 
this was accomplished is described by Broomen at al (1996). The final propping system 
resulted in a four span structure as shown in Plate 8.3. A system of jacks was installed on the 
columns of the temporary supports and grout bags introduced between the top flanges of the 
steel beams and the soffit of the cantilever wings of the superstructure. This allowed the 
degree of support to be varied if  the level of prestress deteriorated further. The propping was 
completed in August 1994 and all lanes of the A3 were opened together with a single lane 
over the bridge (subject to a weight restriction of 3 tonnes).
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Plate 8.3 Propping system.
8.3 Remedial work
A decision based on feasibility and cost-effectiveness was taken by the Highways Agency to 
carry out strengthening of the bridge rather than to go for a complete on-line replacement. 
This involved the replacement o f the concrete sections in the anchorage zones at each 
abutment followed by removal and replacement o f the existing prestressed tendons and 
deflectors within the bridge. The strengthening works began in May 1996 and were 
completed in April 1997. Plate 8.4 shows the completed bridge which is now functioning 
well.
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8.4 In-situ stress determination
8.4.1 General
Early on in May 1996, after Surrey County Council (SCC) had announced that work was to 
commence on the bridge, the chief Bridge Engineer was asked if it would be possible to take 
measurements at one location using the inclusion method in order to determine the stresses in 
the deck prior to work commencing. It was agreed that this could be done; indeed SCC
wanted an independent check on the stresses in the deck in order to compare with the
calculations and assumptions that had already been made. Since most of the deck had been 
propped, it was expected that the stresses should be very low.
A location was chosen near where the sagging bending moment was a maximum under dead
load only. The unit chosen was El 2 which can be seen on SCC's drawing No:202 in 
Appendix E It was decided to take readings in the top slab of the deck, which it was 
expected would be in compression. As two stressmeters were available for use, it was 
decided to install one stressmeter for measuring the immediate stresses, and another for 
monitoring stresses as construction proceeded. The locations are shown in Figure 8.2.
Plate 8.4 Completed Bridge.
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10900
260:
f 350
450 varies
225
4900
Section
T2
Plan - positions of stressmeters to Unit E12
1910
150mm
overcore
42mm dia. pilot hole
1100 surfacing
p'-Bonding layer (approx. 2mm) 
ll Stressmeter  __________ _
350 overcore cut
Lead wires tcpata 
reading equipment.
Detail at A
Figure 8.2 Location of stressmeters to Unit E12
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The transverse position for the stressmeters was chosen so that they were located in a region 
free from steel reinforcement, and also^ fell within the void of the box girder section but close 
to the wall of one of the webs. This would ensure that it was possible to access the lead wires 
for connection to the data-logger. It was also necessary to ensure that they fell within the 
haunched area of the top slab so that the overcored section remained in place and did not have 
to be physically removed from the deck. This saved on manpower and also meant that after the 
tests had been carried out all that was required to reinstate the deck was to grout the annulus 
of the overcore rather than provide a full 150mm diameter by 450mm long plug of concrete.
The Stressmeters were made up from three 75mm long by %0mm diameter knurled steel units, 
with gauge stations at the two locking positions and are shown in Plate 8.5. This meant that 
the stresses measured would be at depths of 100mm and 175mm below the surface of the top 
deck slab.
8.4.2 Procedure
The surfacing to the deck had already been cut out by the Contractor prior to drilling for the 
stressmeters to accommodate some temporary prestressing required during the course of the 
works. This is shown in Plate 8.6.
A longitudinal line was inscribed on to the concrete and the positions of the stressmeter 
locations (T1 and T2) and a lead wire hole marked out as indicated on Figure 8.2. T1 and T2 
were positioned so that there was no danger of any effects relating to the edge of the unit and 
also so that there were no interaction effects between the two locations. Position T1 was to be 
the monitoring position and T2 the immediate position.
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A vertical drilling rig was position over T2 and secured to the concrete by means o f Rawlbolts. 
The 42mm pilot hole was then drilled to a depth o f approximately 250mm. A smaller 20mm 
hole was then drilled from the bottom of the pilot hole through to the underside o f the top slab
Plate 8.5 Made-up Stressmeters.
Plate 8.6 Cut surfacing to Deck.
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and a second 20mm hole was drilled between T1 and T2 to enable the lead wires to be
threaded through to the void and then back up to the top of the slab for connection to the 
Data-logger.
After allowing a suitable period of time for the cooling water to dry from the surface pilot hole
the Chemical metal was mixed and applied carefully to both the surface of the hole and the
surface of the mclusion. The lead wires were carefully threaded to the void and the inclusion
was pressed home to its final position at the bottom of the pilot hole. The top of the pilot hole
was filled with Chemical metal and the lead wires were fed up from inside the box to the
surface and connected to the Data-Logger. A period of about 1 hour was then allowed to
elapse to enable the system to settle down from the effects of the heating and cooling 
experienced during curing of the Chemical Metal.
The 150mm diameter Shibuya TS1800 overcoring drill operating at 110v/1300 rpm was then
connected to the drilling rig which was then positioned over T2 and secured to the concrete as
before. The drill was powered using a 110/240v 0/20amp diesel generator from Stephill
Generators Ltd., Orpington, Kent and drilling was then commenced and continued in 25mm
increments, with readings of each gauge being taken at each increment. The overcoring was
continued to a depth of approximately 350mm (about 100mm below the bottom o f the
inclusion) where its effect on the inclusion all but ceased. Readings were then taken after
fifteen minutes to ensure that a stable situation had been reached. The stages of the procedure 
are shown in Plates 8.7 to 8.16.
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Plate 8.7 Drilling o f Pilot Hole
Plate 8 .8 Drilling o f Pilot Hole.
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Plate 8 .9 Drilling o f Lead Hole.
Plate 8.10 Mixing o f Epoxy Resin.
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Plate 8.11 Placing Epoxy in Hole.
Plate 8.12 Setting up Instrumentation.
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Plate 8.13 View o f Lead Wires in Concrete Box.
Plate 8.14 Marking out for Overcoring Drill.
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Plate 8.15 Overcoring.
Plate 8.16 Taking readings.
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8.5 Results
The reduced microstrain readings recorded during the overcoring operation are shown in Table
8.1 and the graphical representation in Figure 8.3.
Overcoring 
depth mm
Gauge A l Gauge A2 Gauge A3 Gauge B1 Gauge B2 Gauge B3
0 0 0 0 0 0 0
25 -7 -2 -1 2 1 2
50 -17 -8 -1 -2 0 2
75 -12 -3 5 4 5 7
100 12 6 3 -2 2 6
125 11 5 4 -3 0 5
150 12 4 2 2 1 10
175 12 5 0 11 8 10
200 11 5 -1 10 8 9
225 10 4 -1 11 7 8
250 12 6 0 10 5 6
275 11 4 1 10 6 4
300 11 4 1 11 6 2
Table 8.1 Reduced gauge readings taken during overcoring.
Page 177
Chapter 8  -  A31/A3 Flyover Bridge
A3/A31 Flyover Bridge
Gauge readings
Gauge Al
Gauge A2
c
2 Gauge A3
Gauge B1
-10 Gauge B2
-15 Gauge B3
-20
100 150 200 250 300
Overcoring depth in mm.
Figure 8.3 Results of gauge readings at location T2 on unit E l 2.
The graphs follow the now familiar pattern expected from this procedure, and settle down to 
stable values at a depth of 300mm. The gauges were aligned so that direction 1 coincided with 
the longitudinal direction of the bridge; direction 2 was at 45 degrees, and direction 3 was in 
the transverse direction.
In order to determine the final stress values in the deck it is necessary to know the Elastic 
Modulus, and so a 100mm concrete core was taken adjacent to the measuring station and 
tested in the Concrete Structures laboratory to the procedure laid down in BS 1881.
The concrete core is shown in plates 8.17 and 8.18, and the results are shown in Table 8.2.
Page 178
Chapter 8 - A 31/A3 Flyover Bridge
A ijm
C C * £
' ' ï  l6 /f /9 6
Plate 8.17 Core removed from A3/A31 Bridge deck
Plate 8.18 Testing o f Concrete Core.
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CONCRETE PRISM A3/A31
(cored 17/7/96)
1 div = 10 microstrain
LOAD (t) demec 1 demec 2
0.4 689 735
8 652 698
Difference 37 37
LOAD (kN) microstrain microstrain STRESS
4 6890 7350 509 E-03
80 6520 6980 10185 E-03
Difference 370 370 9676 E-03
E (kN/mm2) 26.15
Table 8.2 Calculation of Elastic Modulus from test data
8.6 Calculated in-situ stresses
The internal diameter of the pilot hole was measured using a digital vernier scale as 43mm and 
so for an inclusion diameter of 40mm this resulted in a glue layer of 1.5mm. The elastic 
modulus of the glue was taken as 5.25 kN/mm2 as measured in the laboratory during the 
concrete testing programme. Using these values in conjunction with the final measured strains 
in Table 8.1 at the overcoring depth of 300mm, the in-situ stresses were calculated and are 
shown in Table 8.3.
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A-0° A-90° B-0° B-90°
1.76 0.73 1.78 0.91
Table 8.3 Measured in-situ concrete stresses in the top of unit E12 (N/mm2).
The magnitude of the stresses was reported to Surrey County Council who confirmed that they 
were "as expected". It was apparently not possible to calculate definitively the stresses in the 
bridge due to the loading since the dead weight had been partially removed by supporting the 
bridge via jacks on temporary beams and stanchions. The value of the prestressing was also 
unknown, but if similar to the stresses due to the temporary prestressing as shown in Figure 8.7 
then the values are not unreasonable. The stresses are, however, consistent with the assumed 
loading regime, that is: prestress loading only. In the longitudinal direction it would be 
expected that the stresses would be both small and compressive and also that they would 
increase with depth. In the transverse direction, the stresses would be due to bending as a 
result of a portion of the self weight only and possibly due to temperature changes because of 
the restraint offered by the temporary supporting framework. This can be seen in Plate 8.3 
where the supporting framework is locked underneath the box girder at the junction between 
the side cantilever and the outside of the web.
If the two longitudinal stresses are plotted where they occur in the cross section as in Figure
8.7 it can be seen that if they are joined and extended to the top and bottom fibres of the 
section then the resulting stress diagram is what would be expected under this loading regime. 
This, at least, indicates that the stresses calculated are correct relative to each other even if it 
cannot be proven that they are absolutely correct.
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8.6.1 Section Properties
In order to calculate stresses in the box section during the monitoring phase the section 
properties are required. This was achieved by dividing the unit into specified areas as shown 
in Figure 8.5 and carrying out the calculations using a spread sheet.
400 2600 450
10900
260
150190 2340
225
100
600
4900
SECTION E12
Part Section E12
Area = 6.68E+06 mmA2 
Depth to C G = 7.915E+02 mm 
I (total) = 8.742E+12E+02 mmA4 
Z(top) =1.105E+10 mmA3 
Z(bottom) = 5.646E+09 mmA3
Figure 8.5 Section properties of unit E 12.
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8.7 Monitoring
8.7.1 General
The purpose of monitoring the stresses in unit E l2 was to keep a check on the stresses in the 
concrete as the cycle of stressing and destressing occurred to ensure that they were at levels 
expected by the main contractor. Temporary pre-stressing was applied to the sections of the 
bridge which were to remain intact. The old external pre-stressing tendons were then 
de-stressed, new tendons were then installed and stressed and finally the temporary props were 
removed.
8.7.2 Installation
The same installation process was used for the stressmeter at location T1 as for T2 (see section 
8.4). The only difference was that the lead wires were left inside the box and not fed through 
to the surface. This was done so as not to interfere with the Contractor's works on the outside 
of the deck. The lead wires were hung on semi-permanent hooks secured to the concrete web 
with the ends protected by covering with polythene. All readings were then taken inside the 
box.
At each reading time, the box was entered via an access manhole at the west end of the bridge. 
For safety reasons, visits inside the box were recorded in a log kept by the Site Agent who 
logged the date and time of entry and the date and time of exit. In addition, no fewer than two 
persons entered each time and a mobile phone was carried in case of emergencies.
8.7.3 Readings
A record of the reduced monitoring readings is shown in Table 8.4 and plotted in Figure 8.6.
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Date and time Comments A l A2 A3 B1 B2 B3
20/7/96 at 10.45am Just before 
temporary 
prestressing
0 0 0 0 0 0
20/7/96 at 8.45pm Ditto 0 0 0 0 0 0
22/7/96 at 10.45am Just after 
temporary 
prestressing
-37 -26 -7 -38 -26 -7
02/8/96 at 11.15am 1 -9 29 36 -7 -1
09/8/96 at 10.30am Before de-tensioning 34 27 66 27 32 49
19/8/96 at 11.40am After de-tensioning 62 24 32 44 30 43
Table 8.4 Monitoring history at location T l in unit E21.
8.8 Stresses due to temporary prestressing only
The temporary prestressing was applied to the bridge by laying and securing 7-wire super 
strands to the top and underside of the box girder and attaching them to specially formed 
anchorages. In effect it was a system of external prestressing. Seven groups of five strands 
were placed at the top of the box and 7 groups of six strands were placed on the underside of 
the box. Each strand in the top was stretched to a force of 189 kN giving a total of 6615 kN 
and each strand in the bottom was stretched to a force of 193 kN giving a total of
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8106 kN. The total resultant compressive force applied to the whole box, therefore, was 
14721 kN which was calculated to act at a depth of 1288.5 mm from the top of the box. The 
resulting direct stresses and bending stresses were calculated and are shown in Figure 8.7.
Monitoring history of 
A3/A31 Bridge-Unit E12
80
60
40
20
0
-20
-40
-60
X
Time
1=20/7/96; 2=20/7/96; 3=22/7/96; 
4=2/8/96; 5=9/8/96; 6= 19/8/96.
Figure 8.6 Monitoring readings at location T1.
Al
A2
A3
B1
-e-
B2
- © -
B3
-e-
2.2
+ sign means compression
0.66 1.54
2.2 1-296 3.5
 Theoretical stresses due to pre-stressing only.
0.4
0.77
Existing DL
1.94
2.73
DL + Temp. PS
Figure 8.7 Sum of theoretical stresses due to prestress and Dead Load stresses.
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If the dead load stresses at the location of E12 are added to the prestress then the resulting 
stress diagram1 indicates that the section is entirely in compression with values near the top 
of approximately 2.0 N/mm2. The measured stresses at the two levels in the inclusion were 
calculated as 3.06 and 3.13 N/mm2 . At first sight there appears to be a discrepancy but if it is 
reasonably assumed that the level of the original prestressing is of the same order as the 
temporary, and if it is remembered that the original prestressing is still in place then it can be 
seen that it is of the right order.
Further monitoring just before and after de-tensioning indicates stress reversals as expected. 
Unfortunately no more readings were possible after 19th August 1996 as the lead wires were 
tom out during construction despite very careful warnings left close to the reading stations.
8.9 Interpretation of results in general
Once the stress in a concrete member has been assessed, this has to be interpreted in the light 
of other known stresses within the element such as those arising from dead load (DL); 
superimposed dead load (SDL); temperature (T); shrinkage (S) and prestress (P); (The live 
load can be ignored assuming that the bridge is closed to traffic during the overcoring 
operation).
Providing that the dimensions and the construction sequence are known, then the DL and SDL 
stresses can be accurately calculated. Shrinkage stresses will very much depend upon the type 
of construction; for segmental precast concrete construction, they will be practically zero. 
Temperature stresses may be assessed from temperature readings taken at the time of the test, 
or alternatively they can be eliminated as negligible if strain readings are taken in the early 
hours of the morning in temperate conditions.
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Thus it is possible to calculate the in-situ prestress from the equation: [ op= oT -  o11 ]
Where ( f  = Stress due to prestressing, oT = total in-situ assessed stress and o* = stress due to 
D L+ SDL + T + S.
2000
200
800
Fig. 8.8. Cross section of a 15m simply supported post-tensiond footbridge.
Clearly the assessment of the stresses is a difficult operation and whatever degree of accuracy 
is claimed for gt , this can not always be matched by the accuracy of cr* . This can be 
illustrated by the use of a hypothetical example of a footbridge with a cross section as shown in 
Figure 8.8.
Typical values of each of the stresses 
flange of footbridge as follows:
DL stress 
SDL stress 
P stress 
T stress
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= 9.83 N/mm2
= 3.43 N/mm2
= -4.22 N/mm2
= 2.51 N/mm2
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S stress = 0.00 N/mm2
Therefore the expected in-situ stress measured would be g t = 11.55 N/mm2. It can be seen 
that in this case, an error of 10% in the measured stress would mean an error of 27% in the 
estimated prestress. The order of accuracy in the measured stress in this case, therefore, needs 
to be of the order of only 2% in order to ensure an accuracy of about 5% in the estimated 
prestress.
8.10 Summary
This chapter has dealt with the practical application of the inclusion technique to a particular 
bridge, namely the A31/A3 Flyover in Guildford. The stresses measured were those during the 
course of remedial works to the bridge and reflect the state of the bridge subject to a number of 
temporary supports as well as the permanent ones. Stresses were also monitored as 
prestressing works proceeded. The elastic modulus of the concrete was measured from a 
standard core taken near the testing station.
£
A full three-dimensional anqysis was not carried out due to the uncertainty of the actual loading 
conditions, but according to the Local Authority the stresses were of the right order. The 
monitoring stage was, unfortunately cut short due to damage to the inclusion, but what results 
could be obtained, in conjunction with a simple analysis model, indicated that the measured 
stresses were correct.
In conclusion it can be said that the use of the stressmeter in practice was satisfactory in 
respect of both installation and measuring in-situ stresses, although it was not possible to verify 
the stresses exactly.
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Finite Element Modelling
9.1 Introduction
In order to investigate the effect of changing some of the parameters on the stress distribution 
in the inclusion and also to check the test results, it was decided to carry out first a two 
dimensional, and later, a three dimensional finite element analysis of the problem.
The fundamental principles of the finite element method are well known and published in many 
quarters including Zienkiewicz, 1971; Fenner, 1975; Hinton and Owen 1979, and Cheung, 
1979.
9.2 Modelling
It was decided to use a model based on the ANSYS (1993) version 5.0 finite element software 
package and to perform a linear static analysis. The problem to be investigated is shown in 
Figure 4.1. It is clear that in order to be able to represent the overcoring situation it is 
necessary to model first the concrete cube with the pilot hole subject to a uniaxial stress, and 
to record the displacements at points around the circumference of a circle representing the 
overcore diameter, and then to model the overcored section with the steel and glue in place 
and apply equal and opposite displacements at the nodes on the circumference. The final 
stresses and displacements can then be found by the principle of superposition. The principle 
of this two step sequence is shown in Figure 9.1. The areas marked void are in fact material 
with zero modulus of elasticity E. Model (1) consists of a square plate of concrete with the 
pilot hole in place prior to insertion of the inclusion under an applied nominal vertical stress of 
exactly 5 N/mm2.
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Ovorcore circumference
Overcore (cut)
(i)
Obtain stresses and displacements on 
axes x and y and note the forces and 
displacements at nodes on the overcore 
circumference.
(2)
Apply equal and opposite forces and 
displacements at nodes on the overcore 
circumference.
Obtain stresses and displacements on axes 
x and y.
Stress 1 + Stress 2 = Final stresses on x and y 
Displ. 1 + Displ. 2 = Final Displ. on x and y.
Figure 9.1 Two dimensional Finite Element simulation
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Model (2) consists of a circular plate of concrete with the inclusion in place and applied 
deformations to the circumference equal and opposite to the recorded deformations from 
Model (1).
The stresses and strains along the x and y axes in the concrete, the glue and the steel insert are 
determined as indicated in Figure 9.1 by adding together the results of the analyses from Model 
(1) and Model (2).
Since the geometry of the problem is such that there is symmetry about the x and y axes, it is 
only necessary to consider one quarter for both Models (1) and (2). To maintain correct 
equilibrium and displacements, roller constraints were specified along the symmetrical, cut 
boundaries. Along the x-axis cut boundary, displacement was constrained in the y-direction 
but free to move in the x-direction. Similarly for the y-axis cut boundary, the x-direction was 
constrained but the y-direction was free. This is indicated in Figure 9.2.
APPLIED LOAD
150
Plain concrete
- Overcore 
Boundarj
Glue Layer
- Steel Inclusion
150
Figure 9.2 Quarter Symmetry Model 
Plane stress elements were chosen, which may be either triangular or rectangular and 
connected at the nodes. Additional nodes positioned at the mid-points of the sides were 
provided, giving a six node triangular element and an eight node quadrilateral. The eight node
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elements provide more accurate results for mixed (quadrilateral/triangular) meshes and can 
model irregular shapes more accurately. They also have compatible displacement shapes and 
are well suited to modelling curved boundaries.
9.3 Parametric study
9.3.1 Properties
Some of the properties of the materials were kept constant as indicated in Table 9.1
Material Steel Glue Concrete
Youngs Modulus 
kN/mm2
200 5.25 varied
Poissons Ratio 0.3 0.4 0.2
Table 9.1 Properties kept constant during Parametric study.
The properties which were varied together with the Model designation are shown in Table 9.2. 
Models A to R were for a 300mm x 300mm plate size and Model S was for a 400mm x 
400mm plate. The reason for the last model (S) was to see if the size of the plate had any 
effect on the final results and for this a direct comparison was made with the output from 
Model B. A final Model V was defined with the same material characteristics as Model B but 
assuming the full plate size (as opposed to a quarter model) in order to verify that the quarter 
modelling was correct.
9.3.2 Input data and Output results of Model (1).
Data input was modified by grouping similar items of different models under sub files named 
node files and element files. A typical data input file for model (1 ) of Model B (Model B -l) is 
given in Appendix F, pp FI - F5. [See Figure 9.1 for definition of models (1) and (2) ].
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MODEL Concrete Modulus 
(kN/mm2)
Insert diameter 
(mm)
Glue thickness 
(mm)
Overcore 
diameter (mm)
A 20 40 1 150
B 30 40 1 150
C 40 40 1 150
D 20 40 2 150
E 30 40 2 150
F 40 40 2 150
G 20 40 3 150
H 30 40 3 150
I 40 40 3 150
J 20 20 1 100
K 30 20 1 100
L 40 20 1 100
M 20 20 2 100
N 30 20 2 100
0 40 20 2 100
P 20 20 3 100
Q 30 20 3 100
R 40 20 3 100
S 30 40 1 150
Table 9.2 Model Definitions
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Some typical output data direct from the ANSYS program are shown in Figures 9.3 to 9.^ 
and an extract from the nodal displacement results of Model B - 1 is given in Appendix F page 
F6. The displacements at nodes 101 - 109, located on the circumference of the future 
overcore sector, are taken from this output set and applied as deformations in the opposite 
sense at the same locations for model B - 2 as described in section 9.2.
A typical output data sheet for the stresses in Model B - 1 is shown in Appendix F, page F7. 
Finally, a typical set of the interpolated component stresses in the y - direction (SY) along both 
the x and y axes of Model B - 1 is given in Appendix F, pp F8 - F9.
X z
A ' X
Figure 9.3 Elements Diagram for Model B-l
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Figure 9.4 Deformed shape of Model B-l under applied vertical stress
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- 1 5 . 4 1 4
- 1 3 . 6 6 7
- 1 1 . 9 1 9
- 1 0 . 1 7 2
-  8 425
-  6 678
- 4 93
- 3 183
- 1 436
. 3 1 1 6 99
Figure 9.5 Stress contours in the y-direction (a>y) of Model B-l
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CENTROI D HI DDEN
Figure 9.6 Vertical stress (a>y) along the x-axis for Model B-l
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Figure 9.7 Vertical stress (g^) along the y-axis for Model B-l
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9.3.3 Input data and Output results of Model (2).
Element generation for the finite element model of model 2 was built up from the same nodes 
and elements as model 1 with the difference that the non-existing parts of the elements in the 
prototype structure are deleted from each model. In model 1, the central pilot hole is deleted, 
while in model 2 the section of the plate outside the overcore sector is omitted. The common 
nodes and elements corresponding to the same location of each model thus provide direct and 
convenient data processing, especially when computing the final stresses from each model. 
Moreover, the same geometric relationship between adjacent elements can ensure that the 
same approximated method of stress and strain evaluation is used in each of the finite element 
models.
A typical data input file for model 2 of Model B (Model B - 2) is given in Appendix F, pp F10 
- F13. Some typical output data direct from the ANSYS programme are shown in Figures 9.8 
to 9.12 and an extract from the nodal displacement results of Model B - 2 is given in Appendix 
F, page F 14.
A typical output data sheet for the stresses in Model B - 2 is shown in Appendix F, page F I5. 
Finally, a typical set of the interpolated component stresses in the y - direction (SY) along the 
x and y axes of Model B - 1 are given in Appendix F, pp F16 - F17.
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0/
Figure 9.8 Elements Diagram for Model B-2
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Figure 9.9 Deformed shape of Model b-2 under applied vertical stress
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Figure 9.10 Stress contours in the y-direction (g^) for Model B-2
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Figure 9.11 Vertical stress (a^) along the x-axis of Model B-2
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Figure 9.12 Vertical stress (a^) along the y-axis of Model B-2
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9.4 Verification of Quarter Plate Finite Element Model
The accuracy of the representation of the quarter symmetry finite element model can be 
verified in two ways, namely, by comparison with the analytical solution and a full plate finite 
element model.
9.4.1 Full plate finite element model
A full plate model (Model V) was constructed as explained in section 9.3.1. The input data for 
the model are shown in Appendix F, pp F I8 - F20 and a plot of the elements is shown in 
Figure 9.13. The loading was the same as for the quarter symmetric model, namely a vertical 
stress of 5 N/mm2. The model was left completely unrestrained along the top and the two 
vertical sides and along the bottom a series of nodal supports was specified, all constrained in 
the y-direction but with a single central node also constrained in the x-direction to ensure 
stability. This was a uniform load/variable displacement representation with the load in the area 
of weakness and represents a conservative boundary condition.
The deformed shape of the plate under the applied loads is shown in Figure 9.14. It can be 
clearly seen that the top boundary line is deflected downwards and inwards whilst the bottom 
boundary has remained horizontal. This leads to asymmetrical deformation in the y-direction, 
which is in contrast to the assumption made in the quarter symmetry models. Nevertheless, the 
general pattern of the vertical stress distribution around the hole, as shown in the contour plot 
of Figure 9.15, is similar to and follows the order of that of the quarter-symmetric model 
shown in Figure 9.5. The vertical stress component (SY) along the x axis path and the y axis 
path are plotted in Figures 9.16 & 9.17 respectively and shown in Table 9.3.
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Figure 9.13 Elements Diagram for Model V
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Figure 9.14 Deformed shape of Model V under applied vertical stress
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Figure 9.15 Stress contours in the y-direction (gw) for Model V
Page 206
Chapter 9 -  Finite Element Modelling
ï
SY
DIST
V e r  ! f I c a t i o n  o f  Q u a r t e r  M o d e l
ANSYS 5 . 0  2 0
AUG 2 3  1 9 9 5  
1 9 : 3 6 : 2 9  
PLOT NO.  1 
POST 1
SUBP - 1
p a t h ' p l o t
N O 0 1 - B 1 S
NOD2 =3 2
ZV =1  
DI ST = . 7 5  
XF = . 5
%
XRTO=1
C ENTROI D HI DDEN
Figure 9.16 Vertical stress (a^) along the x-axis for Model V
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Figure 9.17 Vertical stress (a^) along the y-axis for Model V
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9.4.2 Analytical Solution
The analytical solution to the problem of stress concentration around a hole has been derived 
by Seely and Smith (19J2); Muskhelishvili (1953); Ford (1963); and Timoshenko & Goodier 
(1988). It is directly applicable to the model 1 represented in Figure 9.1. The stresses in the x 
and y directions can be calculated from the following expressions:
Oxx = 3f(a=/X=-a4/X4)/2
Cyy=p(2 + a :/X : + 3aVx4)/2
where a = the radius of the hole and
X = the distance from the centre of the hole along the x-axis 
Values of X corresponding to the output from ANSYS were used to compute the vertical 
stresses along the x-axis and are recorded in Table 9.3.
9.4.3 Comparison of results from finite element model and analytical solution.
The computed results of the vertical stresses along the x-axis from the three solutions, that is: 
quarter model B - 1; the full plate model V and the analytical solution are shown in Table 9.3 
and represented graphically in Figure 9.18. In the immediate vicinity of the hole the stresses 
from all three methods are very similar and are within 3°/0 of each other indicating that there is 
little insensitivity in the modelling.
The stress distribution curve of the quarter symmetric model is very close to that of the 
analytical solution, while the stress for the full plate model deviates from the other two curves 
as it approaches the vertical edge of the plate. It has already been noted that the top boundary 
line is deformed whilst the bottom remains horizontal, and it is reasonable to assume that the 
actual concrete block under test may deform in a pattern somewhere between the two
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extremes as there is some horizontal restraint afforded to both the top and bottom faces by the 
steel plate provided to spread the load evenly. In any event it can be seen that the difference at 
the boundary of the overcore circumference (75mm from the origin) is small and so it can be 
said that the finite element models and the analytical solution have mutually verified each other. 
It is important to remember that the ultimate aim of the experimental work of testing a number 
of well defined blocks is to apply the instrumented inclusion technique on bridge structures 
where conditions more realistically approximate to an infinite plate. Therefore it is more 
realistic to consider a finite element model with a symmetrical behaviour. The quater model is 
thus well justified. ^ 1 1
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Figure 9.18 Comparison of vertical stresses along the x-axis for the quarter symmetric 
Model (B-l); the full block model (V) and the Analytical solution
Page 209
Chapter 9 -  Finite Element Modelling
Table 9.3
Column 1 : x = Distance along x-axis (mm)
Column 2: Vertical stresses of Model B-1
Column 3: Vertical stresses of Model V
Column 4: Vertical stresses from Analytical Solution
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
Model B-1 Model V Analytical Solution
0
3.125
6.25
9.375
12.5
15.625
18.75
21.875 -14.519 -14.484 -13.6741
25 -11.324 -11.43 -10.498
28.125 -9.0194 -8.8734 -8.72492
31.25 -8.1512 -7.3066 -7.65842
34.375 -7.2831 -6.8221 -6.97767
37.5 -6.6587 -6.3845 -6.52159
40.625 -6.4481 -5.9985 -6.20353
43.75 -6.2376 -5.7312 -5.97413
46.875 -6.0271 -5.5324 -5.80388
50 -5.8166 -5.3383 -5.67438
53.125 -5.6983 -5.1991 -5.57377
56.25 -5.6444 -5.0715 -5.49414
59.375 -5.5904 -4.9759 -5.43009
62.5 -5.5365 -4.8773 -5.37783
65.625 -5.4825 -4.776 -5.33464
68.75 -5.4286 -4.6769 -5.29855
71.875 -5.3746 -4.5963 -5.26807
75 -5.3206 -4.5136 • -5.2421
78.125 -5.2947 -4.4274 -5.21979
81.25 -5.2687 -4.3389 -5.20048
84.375 -5.2427 -4.2505 -5.18364
87.5 -5.2167 -4.162 -5.16888
90.625 -5.1907 -4.0736 -5.15586
93.75 -5.167 -3.9851 -5.14432
96.875 -5.1451 -3.8961 -5.13404
100 -5.1232 -3.8031 -5.12484
103.13 -5.1012 -3.7085 -5.11655
106.25 -5.0793 -3.6144 -5.10911
109.38 -5.0573 -3.5207 -5.10234
112.5 -5.0354 -3.4274 -5.09622
115.63 -5.0135 -3.3346 -5.09062
118.75 -4.9818 -3.2421 -5.08552
121.88 -4.9486 -3.1502 -5.08083
125 -4.9155 -3.058 -5.07653
128.13 -4.8824 -2.9641 -5.07257
131.25 -4.8493 -2.8704 -5.06892
134.38 -4.8162 -2.7768 -5.06553
137.5 -4.7831 -2.6833 -5.06239
140.63 -4.7499 -2.59 -5.05948
143.75 -4.7168 -2.4968 -5.05677
146.88 -4.6837 -2.4038 -5.05424
150 -4.6506 -2.3109 -5.05188
21 -15.414 -15.457 -15
Comparison of vertical stresses along the x-axis for the quarter symmetric 
Model (B-l); the full block model (V) and the Analytical solution
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9.5 Data Processing of Results from Model 1 and Model 2.
The final stresses in the inclusion, glue and concrete in each of the models A to S have been 
found by adding the results from the individual pairs of stresses from models 1 and 2. A 
complete set of the total vertical stresses along the x and y-axes and the corresponding graphs 
for all the models are given in Appendix G. Pages G-l to G-29 refer to the x-axis and pages 
G-30 to G-58 refer to the y-axis.
9.5.1 Interpretation of Results
The vertical stresses in the models have been determined along both axes for each model and 
the sign convention for the stresses is negative fo r  compression and positive fo r  tension.
The interpolated results presented in both the tabular and graphical forms are based on 
automatic equal division by the software and these may not always coincide with some of the 
critical points such as the steel/glue and glue/concrete interfaces. The interpolated results near 
these points, therefore, may not accurately reflect the stress variation at these points. For 
example, in the model 1 of Model P (page G -l6 of Appendix G), the first interpolated vertical 
stress (Syl) along the X-axis is -10.866 N/mm2 at x = 15.625 mm from the centre of the 
inclusion which appears to conflict with the analytical solution o f -15.00 N/mm2 at the edge of 
the hole (x = 13mm). This is because the automatic interpolation routine has resulted in values 
being computed at x = 12.5mm (within the hole) and at x = 15.625mm (beyond the edge of the 
hole within the body of the concrete) thus missing out the value at x = 13mm. This can be 
confirmed by examination of the stress files for this model (page G-59 of Appendix G) and 
reading the stress value given at the node corresponding to x = 13mm which is node number 
61 for Model P-l where the stress is given as -14.796 N/mm2 which is correct. This is an
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extreme case and in general most of the interpolated points correspond closely with the 
important points in the models.
9.6 Parametric Study
The purpose of the parametric study was to consider the effect of changing some of the
variables so that their significance can be visualised regarding future research into the design of
*
the instrumented inclusion method, and also to test Couthino’s conclusions stated in section 4.3 
regarding the use of a hard inclusion.
The main effects on the vertical stresses along the x-axis were considered by changing the 
following parameters:
1. Youngs Modulus of the concrete.
2. Glue thickness.
3. Boundary conditions.
4. Different sizes of inclusion and overcore diameter..
5. Eccentricity of gauges.
9.6.1 Effect of varying Youngs Modulus of the Concrete
In real concrete structures, different elastic properties will be encountered and it is of interest 
to know the relationship between the elastic modulus of the concrete (host material) and the 
measured relief stresses. In this study three values of Youngs modulus were considered, 
namely 20, 30 and 40 kN/mm2. These cover most grades of concrete encountered in practice 
and roughly correspond to concrete grades of C l5 to C65. It is the author's experience 
however, that the highest proportion of structures fall in the band 25 - 35 kN/mm2. The 
distribution of stresses along the x and y axes are plotted on Figures 9.19 - 9.24 and Figures 
9.25 - 9.30 respectively.
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Figure 9.19 Effect of varying Youngs Modulus (Models A, B & C along x-axis)
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Page 214
Chapter 9 - Finite Element Modelling
10
6.8036
5
-10
0 3.13 6.25 9.38 12.5 15.6 18.8 21.9 25 28.1 31.3 34.4 37.5 40.6 43.8 46.9 50
Distance along X axis from centre of core (mm)
Ec = 20 KN/mm2 .  Ec = 30 KN/mm2 _A_ Ec = 40 KN/mm2
Incl.Dia(20mm) 0/Ç Dia(lOOmm) 
Glue Thickness (2mm)
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The stress distribution profiles follow, predictably, the same pattern in the x and y directions, 
and it can be seen that the maximum tensile stress at the centre of the inclusion (after 
overcoring) varies very little with variation in Youngs Modulus of the concrete.
Environment Sy (N/mm2) 
Ec= 20 
kN/mm2
Sy (N/mm2) 
E - 30 
kN/mm2
Sy (N/mm2) 
E = 40 
kN/mm2
R
Ec= 20 
kN/mm2
R
Ec= 30 
kN/mm2
R
E = 40 
kN/mm2
Incl.Dia.(40mm) 
O/C Dia. (150mm) 
Glue Thk. (1mm)
8.80 8.15 7.63 1.76 1.63 1.53
Incl.Dia.(40mm) 
O/C Dia. (150mm) 
Glue Thk. (2mm)
8.38 7.56 6.79 1.68 1.51 1.36
Incl.Dia.(40mm) 
O/C Dia. (150mm) 
Glue Thk. (3 mm)
8.07 7.07 6.27 1.61 1.41 1.25
Incl.Dia. (20mm) 
O/C Dia. (100mm) 
Glue Thk. (1mm)
7.36 6.70 6.12 1.47 1.34 1.22
Incl.Dia.(20mm) 
O/C Dia. (100mm) 
Glue Thk. (2mm)
6.80 5.88 5.17 1.36 1.18 1.03
Incl.Dia.(30mm) 
O/C Dia. (100mm) 
Glue Thk. (3 mm)
6.39 5.34 4.58 1.28 1.07 0.92
Table 9.4 Comparison of maximum vertical tensile stress at the centre of the inclusion
and the Calibration Factor R for different environments
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For this loading regime only it is possible to derive a Calibration Factor R defined as the ratio 
oîthe tensile stress at the centre o f  the inclusion /  applied uniaxial stress. These variations of 
maximum tensile stress and R are shown in Table 9.4 where it can be observed that the 
variation of R with Youngs Modulus of the concrete is approximately linear. It can also be 
observed that the vertical stress at the centre of the inclusion (ie the principal stress under the 
uniaxial stress regime) has its highest tension value associated with the lowest Elastic Modulus 
of the concrete. It can also be seen that for equal values of Ec and glue thickness, the 
maximum tensile stresses in all cases are lower for the 20mm inclusion/lOOmm overcore 
combination than for the 40mm inclusion/150mm overcore combination.
9.6.2 Effect of error in the measurement of the Elastic Modulus of the concrete on the 
measured stresses
Couthino (1949) has stated that the use of a hard instrumented inclusion to measure stresses in 
concrete does not require an accurate knowledge of the Modulus of Elasticity of the concrete. 
He observed that " ...it is not unusual to work with errors o f between 50 and 100% in the 
Modulus o f Elasticity o f  concrete. " He further stated "... in the case where the modulus o f  
Elasticity o f the inclusion (EJ is four times that o f  the concrete (EJ , an error o f  0.5 (50%) in 
Ej gives an error o f  approximately 0.1 (10%) in the value o f  the stresses ". It should be 
remembered that Couthino was considering the hypothetical case of a device that was cast into 
the concrete at the construction stage and thereafter stresses were measured for monitoring 
purposes and so no overcoring took place. It seems astonishing that his ideas have never been 
taken up in almost 50 years. To check Couthino's conclusions, the results in Table 9.4 can be 
used to calculate the percentage error in the value of the calibration factor R for given assumed 
errors in the measurement of Youngs Modulus of the concrete. A typical range for three 
environments is shown in Table 9.5 for a glue thickness of 2mm.
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Environment % age error 
in Ec
Ec (kN/mm2) R % age error 
inR
Incl.Dia. (40mm) 0 20 1.67 0
O/C Dia. (150mm) 10 22 1.64 1.80
Glue Thk. (2mm) 30 26 1.58 5.39
Ec = 20 kN/mm2 50 30 1.52 8.98
100 40 1.35 19.16
Ind.Dia.(40mm) 0 30 1.52 0
O/C Dia. (150mm) 10 33 1.47 3.29
Glue Thk. (2mm) 30 39 1.37 9.87
Ec = 30 kN/mm2 50 45 1.28 15.79
100 60 1.20 21.05
Incl.Dia. (40mm) 0 0 1.36 0
O/C Dia. (150mm) 10 44 1.30 4.41
Glue Thk. (2mm) 20 48 1.23 9.56
Ec = 40 kN/mm2 30 52 1.17 13.97
50 60 1.04 23.53
100 80 0.73 46.32
Table 9.5 Effect of errors in assessment of the Elastic Modulus on R
It can be seen from Table 9.5 that the errors in R remain only at a level of about 15% for up to
30% errors in the assessment of Ec for all classes of concrete between Ec = 20 kN/mm2 and 40
kN/mm2 and furthermore, as a rough guide, it can be seen that the error in R is about half of 
^  for 4'k* t-AW ♦'1m tyo.
the error in Ec. The usual methods of determining Ec are either by testing a concrete core or 
by using a non-destructive test such as PUNDIT. The errors in using either method will 
usually not amount to more than 10%. From Table 9.5, for a range of Ec from 20 - 40 
kN/mm2, the error in R can be expected to fall between 1.8 and 4.41%.
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9.6.3 Effect of glue thickness on the measured stresses
Graphs of the stress distribution along the x-axis and y-axis for different environments and glue 
thickness are shown in Figures 9.31 - 9.36 and 9.37 - 9.42 respectively.
In all cases the measured stress at the centre of the inclusion is reduced when the thickness of 
the glue and the value of Ec increases. It can also be seen that the range of values at the centre 
increases as Ec increases.
Based on the assumption that a linear relationship exists between R and the glue thickness, it is 
possible to calculate the error on the estimated residual stress caused by the deviation of the 
glue thickness from its assumed value. These results are shown in Table 9.6. For the 40mm 
insert/150mm overcore combination then the probable errors are then:
1. 0.7% for every 10% error in glue thickness when Ec=20 kN/mm2 .
2. 1.0% for every 10% error in glue thickness when Ec=30 kN/mm2 .
3. 1.1% for every 10% error in glue thickness when Ec=40 kN/mm2.
For the 20mm insert/100mm overcore combination then the probable errors are then:
1. 0.8% for every 10% error in glue thickness when Ec=20 kN/mm2.
2. 1.2% for every 10% error in glue thickness when Ec=30 kN/mm2.
3. 1.4% for every 10% error in glue thickness when Ec=40 kN/mm2.
In practice it is clear that the error in the measured stresses will not amount to more than 1.4% 
for every 10% error in the assumed glue thickness. Provided that care is taken in measuring 
the pilot hole and positioning the inclusion, no gross errors will occur.
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Figure 9.42 Effect of different glue thickness (Models L, O & R)
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Glue thickness 
(mm)
1 1.1 1.3 1.5 2 3
Combination
40/150/20 R 1.76 1.75 1.73 1.7 1.64 1.53
% error ofR 0 0.67 2 3.33 6.67 13.3
40/150/30 R 1.68 1.66 1.63 1.6 1.52 1.36
% error of R 0 0.95 2.84 4.73 9.45 18.91
40/150/40 R 1.61 1.6 1.56 1.52 1.43 1.25
% error ofR 0 1.11 3.34 5.57 11.14 22.28
20/ 100/20 R 1.47 1.46 1.43 1.41 1.35 1.22
% error ofR 0 0.84 2.53 4.21 8.43 16.86
20/100/30 R 1.36 1.34 1.31 1.28 1.2 1.03
% error ofR 0 1.2 3.6 6 12 24
20/100/40 R 1.28 1.26 1.22 1.19 1.1 0.92
% error ofR 0 1.42 4.26 7.09 14.18 28.37
Table 9.6 Effect of error in glue thickness
(Numbers in Combination column refer to inclusion dia./overcore dia./Ec respectively)
9.6.4 Effect of Boundary conditions on the measured stress
The size of concrete block assumed in the actual testing was generally 300mm x 300mm x 
300mm which was arrived at by reference to theoreticians and researchers in Rock Mechanics, 
e.g. Couthino, (1949); Duncan Fama (1979) and Spathis and Truong (1990). In fact they all 
indicated that the zone of influence of the inclusion lies within a distance of three times the 
radius from the centre of the inclusion. For this reason the 150mm overcore diameter was 
chosen as described elsewhere. A 300mm cube would, therefore, seem quite adequate.
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Figure 9.43 Effect of boundary condition on stress change (x-axis).
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Figure 9.44 Effect of boundary condition on stress change (y-axis).
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However, it was considered prudent to at least check this assertion, especially as the effects of 
edge restraint in the testing machine were unknown. A plate size of 400mm x 400mm was 
therefore chosen as reasonable and compared with the 300mm x 300mm plate. The effect on 
the stresses in both the x and y directions is shown in Figures 9.43 and 9.44 respectively. It is 
clear that the difference is negligible.
9.6.5 Effect of different Inclusion and overcore diameters
Two combinations of inclusion and overcore have been used in testing referred to earlier as 
40/150 and 20/100 (inclusion diaVovercore dia.). Generally speaking, it can be seen from 
Table 9.6 that the Calibration Factor is higher for the 40/150 combination and therefore this 
suggests a greater sensitivity, and possibly better accuracy. However, practically speaking, the 
20/100 combination is less disruptive on site and is more likely to avoid damage in areas of 
congested reinforcement and prestressing tendons, this will be discussed at greater length in 
the final chapter.
9.6.6 Effect of eccentricity of gauges
The installation of the strain gauges at the centre of the inclusion is a difficult and time 
consuming task and it is possible for the gauges to be secured eccentrically, that is slightly 
off-centre, and will thus give a false reading of the relieved stress at that point. In the uniaxial 
stress regime the error will be greatest when it occurs along the x-axis. This has been studied 
for gross eccentricities of 3.125mm and 6.25mm from the centre which correspond to the 
interpolation points chosen by the software. The errors are shown in Table 9.7. It is clear that 
the worst cases are shown in the shaded cells of the Table but in reality it is inconceivable that 
the gauges would be secured at an eccentricity of greater than 0.5mm giving negligible error.
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Classification E rror at ecc. = 3.125mm Error at ecc. = 6.25mm
40/150/1/20 0.7% 2.7%
40/150/1/40 0.9% 3.4%
40/150/2/20 0.7% 3.0%
40/150/2/40 1.0% 3.9%
40/150/3/20 0.8% 3.1%
40/150/3/40 1.0% 4 4 %
20/100/1/20 2.7% 10.5%
20/100/1/40 3.7% 14.8%
20/100/2/20 2.8% 10.9%
20/100/2/40 3.7% 14.5%
20/100/3/20 2.5% 9.8%
20/100/3/40 3.2% 12.7%
Table 9.7 Error of measured stresses at centre of inclusion due to eccentricity of gauges
(Numbers in Classification column refer to inclusion dia./overcore dia./ glue 
thickness/Ec respectively)
9.7 Bi axial loading
In most cases the critical in-situ stresses in concrete bridges occur in the flanges, but there are 
cases such as the webs of concrete boxes or I-beams where a bi-axial (principal) stress field 
occurs. Although it was not possible to carry out laboratory tests to simulate this condition, it 
was possible to carry out a limited Finite Element investigation using exactly the same model 
as for the uniaxial case.
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The range of stress fields investigated is shown in Table 9.8.
Sy (N/mm2) S x  (N/mm2)
-5 -5 -4 -3 -2.5 -2 -1.5 -1 -0.5 0.5 1 1.5 2 2.5 3 4 5
SR=Sy/Sx 1 1.25 1.67 2 2.5 3.33 5 10 -10 -5 -3.33 -2.5 -2 -1.67 -1.25 -1
Table 9.8 Bi-axial stress ranges considered in FE analysis 
The same Models as for the uni-axial case were used, with a finer mesh in the vicinity of the 
hole in order to record the rapid change of stress in that region.
The variations of vertical and horizontal stresses along the x and y-axes were similar in shape 
to the uniaxial case but the final values varied considerably and one particular difference was 
that the vertical tensile stress at the centre of the inclusion was less in all cases. It was noticed 
that as the magnitude of the stress ratio SR increased , the vertical stress at the centre of the 
inclusion tended towards a constant value of 8.8 N/mm2, almost exactly the value for the 
uniaxial case where SR= infinity. Conversely, the horizontal stress along the x-axis tended 
towards zero which compares with the uniaxial case.
9.7.1 Calibration Factors
One method of relating the calculated vertical stress at the centre of the inclusion to the 
applied stresses on the model is by the use of Calibration Factors. For the uniaxial case the 
factor can be written simply as:
Ry = V Sy
where Syc = calculated vertical stress at the centre of the inclusion, and 
Sy = applied vertical stress.
A similar expression can be written for the horizontal direction, namely
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R x  =  S x c / S x
where Sxc and Sx have similar meanings.
For a particular environment [ID / 0 D / 1 / EG / Ec] the value of Ry is fixed when the stress ratio 
is infinity, that is the horizontal stress = 0. For the bi-axial case, the situation is made more 
complicated because the value of the stress ratio has a profound effect. A different calibration 
method is, therefore, more appropriate. This assume that the individual and vertical applied 
stresses are linearly related to both the horizontal and vertical calculated stresses. Thus we can 
write:
Sx = m . Sxc + n . Syc and 
Sy = m . Syc + n . Sxc
where m and n are calibration factors.
The main advantage of using the above relationships is that the two constants m and n are 
constant and independent of the stress ratio Sy / Sx. To calculate the constants, the two sets of 
inclusion stresses for any model can be used. This yields two simultaneous equations which 
are then solved. As an example, consider Model A with Sy = -5 N/mm2 and Sx = -4 N/mm2. 
Then -4 = m x 5.9757 + n x 7.9134
and -5 = m x 7.9134 + n x 5.9757.
Solving gives m = - 0.58203 and n = - 0.06596.
This can be checked by considering the same model but with a different stress field of
Sy = -5 N/mm2 and Sx = - 4 N/mm2 (say)
Then Sx = m x 4.2351 + n x  8.1108 and
Sy = m x 8.1108+ n x  4.2351
Substituting for m and n gives
Sx = (- 0.58203) x 4.2351 + (-0.06596) x 8.1108 = - 2.9999 N/mm2
Sy = (- 0.58203) X  8.1108 + (-0.06596) x 4.2351 = - 5.0001 N/mm2
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which agree with the applied stresses.
A greater accuracy for m and n can be achieved by setting up simultaneous equations 
corresponding to the full range of models and the averages found. Clearly though, the values 
given above are close enough for all practical purposes.
As for the uniaxial case, a full range of factors m and n can be calculated for all of the different 
environments considered, and linear interpolation used for other environments which fall 
within the range.
9.8 3-Dimensional Model
The use of a two-dimensional finite element model proved extremely useful in examining the 
distribution of stress on a plane section and also of enabling an in-depth parametric study to be 
carried out. However, it gave no information about the development or evolution of strain at 
the measuring stations as coring proceeded. As this was the main output obtained from the 
testing programme, it was decided to produce a 3-D model and simulate the incremental coring 
process and compare the output with the test results. This would hopefully highlight any 
unusual behaviour not apparent during testing and verify the results.
9.8.1 Model d e sc rip tio n
The block size chosen was the 300x300x300 and due to symmetry, it was again possible to 
consider only a quarter of the concrete block. The mesh chosen is shown in Figures 9.45 and 
9.46 and the orientation is with the hole vertical. The restraints were the same as for the 2-D 
model and the stress was applied horizontally as shown in Figure 9.47.
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Figure 9.45 3D Finite Element Model - Mesh.
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MATERIAL A S SIG N M E N T S
Figure 9.46 3D Finite Element Model - Material property assignments
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Figure 9.47 Application of stress to 3D Model - Ltfad (5 N/mm2).
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All of the materials were incorporated into the model from the start and a facility was available 
for deactivating the steel inclusion and the glue layer to examine the stress distribution after 
drilling of the pilot hole. Later the steel and glue were activated (simulating the insertion and 
bonding of the stressmeter) and the overcoring process was simulated by deactivating a ring of 
concrete at the overcore radius in increments (or steps) of 25mm.
9.8.2 Results
The results are presented in two ways. Firstly, the stress and strain in the x and y directions at 
every position along the centre-line of the insert (the z direction), as overcoring proceeded, is 
shown in Appendix H in Figs H I - H.24; and secondly the changes of stress and strain in the 
0°(x); 30°; 45°; 60° and 90°(y) directions recorded at each of the five measuring stations as 
overcoring proceeded are shown in Figs H.25 - H.34. A pictorial representation in colour of 
the distribution of stresses is shown in Figs H.35 to H.37.
Interpolation between recorded points was carried out using B-Spline functions. This generally 
proved to be effective except at the last station at a depth of 300mm as coring through took 
place. Here, the final steps should have been nearly straight lines, but this was not the case, the 
error probably being due to the sudden boundary change. In retrospect, it would probably be 
more accurate not to have attempted interpolation since in reality changes were recorded at 
increments and not continuously.
Figs. H I - H.24 indicate very clearly that steep stress reversals occur as overcoring proceeds, 
but that once complete the stresses are, as expected, quite uniform. Furthermore, the stresses 
develop rather like a wave pushing along behind the actual tip of the overcoring bit. This is to 
be éxpected in a small specimen since as overcoring proceeds there is a smaller concrete area
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resisting the applied compression load and so the stress in front of the coring bit rises, and 
continues to rise, until overcoring is complete and the streses; become practically uniform 
along the length of the inclusion. In practice this would not be expected to happen, because 
relatively speaking the area of concrete effectively removed would normally be negligible 
compared with the overall dimensions of the structure.
The same stress reversals are evident in Figs. H.25 - H.34. As an example consider station 3 at 
the centre of the concrete specimen ( Figs. 9.48 & 9.49). The specimen is relatively small and 
so as overcoring approaches the station, strains are recorded which reflect the shift of load to 
an effectively smaller overall section. It is not until overcoring has proceeded beyond the 
station by about 75mm that the strain in the insert becomes stable at its final level.
Evolution of Strain on Centreline of Steel 
during Overcore Operation
0 degrees
3 0 degrees
45 degrees
o . o
90 degrees
Cutting depth from Top Surface (mm)..
T I T L E :  S T R E S S  M E T E R  : O V E R C O R E  A N A L Y S I S ,  C U T  I N  12 S T E P S ,  P O S I T I O N  Z - - 1 5 0  mm
Figure 9.48 Strain at Station 3.
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Idealised strain-overcore penetration curves for a soft inclusion were suggested by Irvin et al 
(1987) for rock. During a successful run they suggested that there are three main stages to a 
diagnostic curve:
1. a stable (practically zero) plateau of strain during the initial stages before the
overcoring drill reaches the gauge;
2. a linear relation as the overcoring drill passes over the gauge; and
3. a stable plateau of strain after an upper value is reached.
A typical situation in relation to station three in our case would be as shown in Figure 9.50.
Plane of 
measurement
Diagnostic currves for station 3.
z
5
-10
DATUM 150 175 200 225 250 300100 125
OVERCORED DISTANCE
275
Figure 9.50 Ideal and test diagnostic curves for station 3.
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In practical use, the actual correspondence between the ideal and the actual curves will depend 
upon particular site conditions. In addition, after overcoring has ceased and the cooling water 
is turned off, there is a further stage as the gauges respond to temperature variation. 
Blackwood (1978) also suggested that it was possible to get high stress concentrations at the 
leading edge of the overcoring annular groove and for a hard inclusion these could be more 
severe than a soft and produce further stress concentrations as the overcoring drill passses over 
the gauge. These effects result in a falling arm to the curve and this proved to be the case 
when the A3/A31 Flyover was tested (see Chapter 8, Figure 8.2).
Comparison of the FE generated curves and those actually obtained in the laboratory are 
discussed in Chapter 6.
9.9 Summary
This chapter has described the finite element models used in the numerical analysis of the 
inclusion problem. The 2D model has been used to thoroughly investigate the effect of varying 
certain parameters on the final overcored stress at the centre of the inclusion. The 3D model 
has been used to study the strain development curves as coring proceeds and to compare these 
with the actual test curves.
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10.1 Introduction
The object of this research has been to develop a way of determining the in-situ stresses in 
concrete bridge structures by the use of the stress-relief principle using an instrumented 
inclusion. The study has included the construction of the inclusion; testing of the inclusion in 
concrete under uniaxial compression; a method of predicting stresses from measured strains in 
the field; finite element modelling of the test regime to compare the effects of various 
parameters, and field application of the method.
10.2 General conclusions
The general conclusions from the work are as follows:
(1) The 40mm chosen for the diameter of the steel inclusion appears to be a suitable one
to ensure that local effects are eliminated or minimised in measuring in-situ stresses.
ZO
Reasonable results, were, however obtained from the limited number of W@mm diameter 
inclusions. Where a small 10mm aggregate has been used in the concrete it may be acceptable, 
but in most cases its use is probably of limited value.
(2) The makeup of the inclusion into separate units proved to be a practical construction 
and facilitated the measurement of strain within the depth of the concrete as well as the 
surface. Bonding of the strain gauges was straight forward and provision for locking and 
sealing the individual units proved to be workable and prevented both damage from handling 
and moisture during drilling.
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(3) The application of the epoxy resin (commercially referred to as Chemical metal or 
Plastic Padding) proved to be a difficult operation given its consistency and the limited time of 
about 10 minutes to work it before it began to harden. It was applied to both the 
circumference of the inclusion and the surface of the pilot hole which had been cleaned of dust 
from the drilling process and roughened to provide a good key for the resin. Ensuring a good 
bond at the ends of the inclusion was difficult to achieve as it tended to flow from the top and 
so it had to be continuously replenished. This affected the performance of the instrument and it 
was found in practice that the end stations provide less reliable results than the internal ones.
(4) Centralising of the inclusion within the pilot hole also proved difficult and this was 
achieved by using small packs at each end of the inclusion. In the event, the finite element 
analysis showed that some misalignment is acceptable without measurably affecting the final 
results.
(5) Temperature variations do occur both prior to overcoring when the epoxy resin is 
curing; and during overcoring due to the heat generated at the tip of the drill bit and from the 
cooling water. Provided that the inclusion is left for some time after bonding and provided 
that temperatures during drilling are allowed to settle back to ambient, temperatue variations 
have no effect on the measured results.
(6) The incremental coring procedure proved satisfactory and clearly indicated when strain 
readings were not progressing as expected. In the field, since the in-situ stress is not known, 
incremental coring provides a diagnostic tool which can highlight any unexpected departure 
from the idealised strain change curve.
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(7) The correlation between the measured stresses and the actual stresses proved to be 
quite acceptable. Considering all of the results (which included those where clearly bonding 
had failed) the average variation from the actual was 1.5 N/mm2; but considering only those 
giving a reasonable estimate of stress, the variation from the actual was 0.8 N/mm2. The latter 
figure gives a calibration factor R (actual stress/measured stress) of 1.2. The measured 
stresses estimated from strain readings taken from the internal stations were generally more 
reliable.
(8) The finite element analyses confirmed the results obtained from the tests. The 2D 
analyses provided information on the variation of stress within the test specimens along the 
horizontal and vertical axes and also confirmed that errors in the Elastic modulus of the 
concrete, errors in the thickness of the glue layer and errors in the position of the strain gauge 
rosettes relative to the centroidal axis of the inclusion have only a small effect on the values of 
the estimated stresses. The 3D analysis showed that the general shapes of the strain change 
curves for each station obtained during testing were correct.
(9) Although there were certain setting-up difficulties, as mentioned above, the inclusion 
method does not (as in the case of present established methods) require the bonding of strain 
gauge studs to the outside surfaces of the concrete , which can become almost impossible in 
wet or very cold weather.
(10) The present methods, at the moment, can only estimate surface stresses and in view of
2the difficulties mentioned in section 4. a the results produced must be open to considerable 
interpretation. The inclusion method can potentially measure stresses within the body of the 
concrete and avoid the zone affected by shrinkage, temperature and reinforcement.
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10.3 Recommendations for further work
The limited investigations reported in this thesis prove that the proposed inclusion technique is 
a viable way of measuring in-situ stresses. The work, however, has been limited to tests on 
300mm and 400mm unreinforced concrete blocks under uniaxial stress and from the way that 
the stress builds up in the inclusion as the section is overcored, it is clear that larger specimens 
are required to ensure that no sudden stress reversals occur causing a breakdown of the bond 
between the inclusion and the concrete, so invalidating the experiments. This was the main 
problem with the experiments.
(1) Future testing should therefore be undertaken on concrete slab sections having 
dimensions of 1000mm x 1000mm x 300mm thick. Such slabs represent full scale dimensions 
and are typical of such elements found in real bridges and structures. All of the specimens 
should be made from carefully controlled concrete mixes and be allowed to cure to the point 
where shrinkage stresses can be considered negligible. Some of the specimens should be 
unreinforced to act as control specimens and the remainder should be reinforced in two 
opposite faces with a typical reinforcement mesh found in practice.
(2) In real structures the stress regime can vary considerably from the uniaxial case and so 
the slabs should be subjected to a regime of uniaxial stress, biaxial stress and a combination of 
uniaxial stress and shear stress in order to model as far as possible real situations.
6
(3) The objectives listed in 5.2.S.1 have been partially satisfied by the use of a steel 
inclusion and a particular type of bonding material. Further research is needed to investigate 
other materials such as copper, bronze or plastic for the inclusion and other types of bonding 
material.
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(4) Only a solid inclusion has been used in this study, but the possibility of a hollow 
inclusion with strain gauges mounted to the circumferential surface could be considered. This 
would have the advantage of minimising the radial tensile stresses at the interface thus reducing 
the risk of bond failure.
(5) As well as conventional ers gauges for measuring strain, a more comprehensive 
programme of installing thermocouples could be employed to obtain accurate data on 
temperature effects.
(6) The use of further 2D and 3D finite element models with cracked elements should be 
undertaken to establish the effects of tensile stresses in the body of the concrete 
(micro-cracking); at the steel/glue, and at the glue/concrete interfaces.
(7) During the testing of one of the blocks, there was evidence of creep occurring in the 
concrete annulus after overcoring had taken place causing a gradual reduction of the strains in 
the inclusion to a value of zero. This should be investigated further by monitoring the inclusion 
strains for a period of 24 hours or more after overcoring.
(8) Experience in the field on the A3/A31 Flyover suggested that it was not necessary to 
core right through the concrete element under investigation and that providing it was possible 
to drill a small lead hole at the bottom of the pilot hole, the leads could be threaded through 
the element and away from the drill face. This is clearly an advantage and would obviate the 
need of ever having to use special and expensive drilling equipment that would allow the leads 
from the inclusion to pass through the drill to the data-logging equipment - a potentially risky
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process. The same procedure should be tested for the horizontal position to ensure its 
practicability. In addition, the preparation of the pilot hole prior to applying the glue could be 
improved by first cleaning and roughening the concrete surface using a rotating wire brush and 
finishing off by using an air line to expel the debris.
(9) Present methods have only been employed in situations where compressive stresses 
have predominated. Tension measurement has been limited to steel elements only. The 
inclusion technique should be employed in a tension field to discover potential problems. 
Where the concrete is uncracked this should not prove difficult. In cracked regions, however, 
some way of filling the cracks under pressure would need to be investigated before testing 
commenced, otherwise stress relieving would serve merely to close the cracks and not stress 
up the inclusion.
(10) One of the features of this method is its relative simplicity and speed. To determine the 
in-situ stresses directly in the field, however, it is necessary to know both the Poisson's Ratio 
and the Elastic modulus of the concrete. This can be determined before the inclusion test by 
taking a concrete core in the vicinity of the test, removing it to a laboratory and then 
determining E and v following the appropriate procedures laid down in national Codes of 
Practice. It would be quicker, however, if the concrete properties could be determined in-situ 
by the use of an ultrasonic concrete tester such as PUNDIT (Portable Ultrasonic 
Non-Destructive Digital Indicating Tester) manufactured by Mastrad (1997). Although 
primarily used to detect the presence of voids, cracks and other imperfections it can be used to 
estimate the in-situ dynamic modulus of concrete. This could be used to test each concrete 
specimen and wa» calibratilà against results from standard tests to give direct values of E. In 
addition a resonant frequency tester such as ERUDITE MKIII manufactured by Mastrad
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(1997) could be employed. This is capable of measuring the fundamental longitudinal, 
torsional and transverse (flexural) resonant frequencies of concrete for the purpose of 
calculating the dynamic Young's modulus of elasticity, the dynamic modulus of rigidity and the 
dynamic Poisson's ratio. Using standard formulae, the static equivalent values can then be 
calculated for the purposes of the stress analysis.
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A ppendix A
The use of a Three Gauge Rosette to determine the stress components at 
any point on the surface of a borehole.
The use of a Three Gauge Rosette to determine the stress components p66, 
pH and p8z at any point on the surface of a borehole (after Leeman, 1968).
Suppose the atrains at any point 0 on the surface of a borehole are measured by means of s 
strain gauge rosette containing three gauges GA, GB and Gc oriented relative to two axes 6 and 
Z as shown in Fig. A1.1.
0
i= 7 r /2
ga
0
<I>c=77c/4
(a) (b)
Figure A1.1 Gauge orientation.
By resolving the strains in Fig.Al. 1(a) it can be -shown that the relationships between the 
strains eA, eB and ec measured by the strain gauges and the state of strain at 0 are given by: 
e A = e ee cos2 «I’a + ezz S'"2 <1>a + e0z sin<|>Acos<i>A (A. 1)
eB = cos2 <|)B + sin2 <j>B + e6z sin<|)Bcos(|)B (A.2)
ec = eee cos2 4c + ea  sin2 ^  + eez sin^Bc o s^  (A.3)
Where eQ0 and e^ are the normal strains in the 0 and Z-directions and e0z is the tangential strain
at 0.
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If now the strain gauges are arranged as shown in (b), then <|)A= tc/2, (j)B= tc and (|)c= 7tc/4, and 
substituting in equations (A.1) - (A.3) we obtain:
eA = ezz (A.4)
eB = e0e (A.5)
ec = e45 = 0.5{(eee + ezz) - e ez} (A.6)
ec = 0 5 {(eA + e,,) - e^} (A.7)
therefore eAB = - {2ec - (eA + 6g)} (A.8)
It can then be shown that:
Pee = E/2 * {(ee9 + e j / ( l - v )  + ( e ^ - e j / ( l  + v)} (A.9)
Pzz = E/2 * {(eee + e j  / (1- v) - (eee - e j  /  (1 + v)} (A. 10)
Pe, = E/2 * {(2e45 - (eæ + e j } / ( l  + v) (A.l 1)
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Details of Mild Steel Inclusion.
Appendix B.
O
CO-HE
4mm hole for lead 
wires /  _UNIT-A
Gauge
positio/i
Screw connections 
for securing units
5x3  deep x  ^
groove Section B-BSection A-A
MILD STEEL INCLUSION DETAILS
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Details of Concrete Moulds.
Appendix C.
Handles o/o 10mm dia. bar. Releasing screws
300mm
/ Removeable divider.
400mm
All plate to be
25mm
Mould for 300x300x300 
concrete blocks.
= oG=
Mould for 400x400x200 
and 400x400x100 
concrete blocks.
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Details of Epoxy Resin Tensile Test Device.
Appendix D.
dia"
Ball
joint
18
dia
Free
vertical
movement
Backing
plate
50
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Surrey County Council Drawing No: 202 of 
A3/A31 Flyover, showing location of the concrete box units.
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Input and Output data for 
2-Dimensional Finite Element Modelling.
Typical Input Data for 
Model 1 of B
(Variation to Models A to S is given)
1. Creation of Node File an.db
* Enter the ANSYS program
ANSYS 
/SHOW,XI1 
/MENU,ON
* Specific a jobname for the analysis
* an.db is the file name for the node file of models A, B & C
* (dn.db) is the node file for models D, E & F
* (gn.db) is the node file for models G, H & I
* (jn.db) is the node file for models J, K & L
* (mn.db) is the node file for models M, N & 0
* (pn.db) is the node file for models P, Q & R
/FILNAM,an,db
* Preprocessing (model generation)
/PREP7
* Define the element type 82 - a 2D 8-node plane stress element
ET,1,82
* Define the model by direct generation
* Nodes Definition
N,  1 , 1
N,  9 , 1
N,  5 1 , 20
* (N 5 1 , 1 0 , ) f o r  m o d e l s  J t o  R
N,  5 9 , 2 0
* (N 5 9 , , 1 0 )  f o r  m o d e l s  J t o  R
N,  6 1 , 2 1
* (N 6 1 , 2 2 , ) f o r  m o d e l s  D t o  F
* (N 6 1 , 2 3 ,  ) f o r  m o d e l s  G t o  I
* (N 6 1 , 1 1 , ) f o r  m o d e l s  J t o  L
* (N 6 1 , 12 , ) f o r  m o d e l s  M t o  0
* (N 6 1 , 1 3 ,  ) f o r  m o d e l s  P t o  R
N,  6 9 , 2 1
* (N 6 9 , , 2 2 ) f o r  m o d e l s  D t o  F
* (N 6 9 , , 2 3 ) f o r  m o d e l s  G t o  I
* (N 6 9 , , 1 1 ) f o r  m o d e l s  J t o  L
* (N 6 9 , , 1 2 ) f o r  m o d e l s  M t o  0
* (N 6 9 , , 1 3 ) f o r  m o d e l s  P t o  R
N , 1 0 1 , 75
* (N 1 0 1 , 5 0 , ) f o r  m o d e l s  J  t o  R
N , 1 0 9 , 75
* (N 1 0 9 , , 5 0 )  f o r  m o d e l s  J  t o  R
N , 1 3 1 , 1 5 0
* (N 1 3 1 , to o o f o r  m o d e l  S
N , 1 3 5 , 1 5 0 1 5 0
* (N 1 3 5 , 2 0 0 , 2 0 0 )  f o r  m o d e l  S
N , 1 3 9 , 1 5 0
* (N 1 3 9 , , 2 0 0 )  f o r  m o d e l  S
N , 1 4 0 ,
Page No:Fl
FILL 1 51, 4, 11, 10, ,
FILL 9 59, 4, 19, 10, ,
FILL 61 101, 3, 71, 10, ,
FILL 69 109, 3, 79, 10, ,
FILL 131 135
FILL 135 139
CSYS 1
FILL 1 9
FILL 11 19
FILL 21 29
FILL 31 39
FILL 41 49
FILL 51 59
FILL 61 69
FILL 71 79
FILL 81 89
FILL 91 99
FILL 101 109
FILL 101 131, 2,111,10 ,9,1,2
CSYS 0
* Exit the preprocessor
FINISH
* Save the file to the default filename
/SAVE
* Exit the ANSYS program
/EXIT
2. Creation of Element File ae.db
* Enter the ANSYS program
ANSYS 
/SHOW,XI1 
/MENU,ON
* Specific a jobname for the analysis
* ae.db is the file name for the element file of models A,B & C
* (de.db) is the element file for models D, E & F
* (ge.db) is the element file for models G, H & I
* (je.db) is the element file for models J, K & L
* (me.db) is the element file for models M, N & 0
* (pe.db) is the element file for models P, Q & R
/FILNAM,ae,db
* Copy the node file into the element file
/RESUME,an,db
* an.db is the node file of models A, B & C
* (dn.db) is the node file for models D, E & F
* (gn.db) is the node file for models G, H & I
* (jn.db) is the node file for models J, K & L
* (mn.db) is the node file for models M, N & 0
* (pn.db) is the node file for models P, Q & R
* Preprocessing (model generation)
/PREP7
* Define the model by direct generation
* Elements Definition
E,1,2,140,140 
E,2,3,140,140
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E /3 /4 /140/140 
E #4,5,140,140 
E,5,6,140,140 
E,6,7,140,140 
E,7,8,140,140 
E,8,9,140,140 
E,1,11,12,2 
EGEN,8,1,9 
EGEN,13,10 , 9 ,16 
EMID
EDEL,1,56
* Exit the preprocessor
FINISH
* Save the file to the default filename
/SAVE
* Exit the ANSYS program
/EXIT
3. Creation of Element File bl.db
* Enter the ANSYS program
ANSYS 
/SHOW,XI1 
/MENU,ON
* Specific a jobname for the analysis
* b l .db is the file name for the model 1 of model B
* (al.db) is the file for the model 1 of model A
* (cl.db to si.db) are the files for the model 1 of 
models C to S respectively
/FILNAM,bl,db
* Copy the element file into the file of model 1
/RESUME,ae,db
* ae.db is the element file of models A, B & C
* (de. db) is the element file for models D, E & F
* (ge. db) is the element file for models G, H & I
* (je.db) is the element file for models J, K & L
* (me.db) is the element file for models M, N & 0
* (pe.db) is the element file for models P, Q & R
* Preprocessing (model generation)
/PREP7
* Specify Material Properties
* Youngz s modulus (EX) and Poisson's ratio (NUXY)
EX,1,20000
* (EX,1,30000) for model B, E, H, K, N & Q 
* (EX,1,40000) for model C, F, I, L, O & R 
NUXY,1,.2
* Exit the preprocessor
FINISH
* Enter the SOLUTION processor
/SOLU
* Define the symmetry constraints on nodes
D, 61,UY, , ,131,10
D, 69,UX, , ,139,10
D,253,UY, , ,355,17
D ,2 6 8,UX, , ,370,17
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Specify the surface pressure load (5 N/mm2) on elements 
SFE,109,2,PRES, ,5
SFE,110,2,PRES, ,5
SFE,111,2,PRES, ,5 
SFE,112,2,PRES, ,5 
Initiate the finite element solution 
SOLVE
Exit the SOLUTION processor 
FINISH 
Enter postprocessing 
/POST1
Print the nodal displacement solution result 
PRNSOL,DOF
Print the stresses solution result for the elements 
PRESOL,S
Define a path nodes along X axis 
LPATH,14 0,131
Define and interpolates the X axis path with component stresses 
in X direction as SX 
PDEF,SX,S,X
Display the defined component stress along path (SX) on graph 
PLPATH,SX
Print the defined component stress along path (SX)
PRPATH,SX
Define and interpolates the X axis path with component stresses 
in Y direction as SY 
PDEF,SY,S,Y
Display the defined component stress along path (SY) on graph 
PLPATH,SY
Print the defined component stress along path (SY)
PRPATH,SY
Define and interpolates the X axis path with component elastic 
strain in X direction as DX 
PDEF,DX ,EPEL,X
Display the defined component elastic strain along path (DX) 
on graph
PLPATH,DX
Print the defined component elastic strain along path (DX) 
PRPATH,DX
Define and interpolates the X axis path with component elastic 
strain in Y direction as DY 
PDEF,DY,EPEL,Y
Display the defined component elastic strain along path (DY) 
on graph
PLPATH,DY
Print the defined component elastic strain along path (DY) 
PRPATH,DY 
Define a path nodes along Y axis 
LPATH,140,13 9
Define and interpolates the Y axis path with component stresses 
in X direction as SX 
PDEF,SX,S,X
Display the defined component stress along path (SX) on graph 
PLPATH,SX
Print the defined component stress along path (SX)
PRPATH,SX
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Define and interpolates the Y axis path with component stresses 
in Y direction as SY 
PDEF,SY,S ,Y
Display the defined component stress along path (SY) on graph 
PLPATH,SY
Print the defined component stress along path (SY)
PRPATH,SY
Define and interpolates the Y axis path with component elastic 
strain in X direction as DX 
PDEF,DX,EPEL,X
Display the defined component elastic strain along path (DX) 
on graph
PLPATH,DX
Print the defined component elastic strain along path (DX) 
PRPATH,DX
Define and interpolates the Y axis path with component elastic 
strain in Y direction as DY 
PDEF,DY,EPEL,Y
Display the defined component elastic strain along path (DY) 
on graph
PLPATH,DY
Print the defined component elastic strain along path (DY) 
PRPATH,DY 
Exit the postprocessor 
FINISH
Save the file to the default filename 
/SAVE
Exit the ANSYS program 
/EXIT
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An E x t r a c t  from  t h e  Nodal D isp la c e m e n t  R e s u l t  o f
Model B - l
PRINT DOF NODAL SOLUTION PER NODE
* * * * *  P 0ST 1 NODAL DEGREE OF FREEDOM LI STI NG * * * * *
LOAD STEP= 1 SUBSTEP= 1
TIME= 1 . 0 0 0 0  LOAD CASE= 0
THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN  GLOBAL COORDINATES
NODE UX UY
101 . 44277E-02 .00000E+00
102 . 42432E-02 - .25855E-O2
103 . 37315E-02 - .51797E-02
104 .30033E-02 - .77545E-02
105 .21999E-02 - .10227E-01
106 .14517E-02 - .12450E-01
107 .83963E-03 - .14238E-01
108 .3 7331E-03 - .15405E-01
109 .00000E+00 - .15811E-01
111 .48335E-02 .00000E+00
112 .46484E-02 - .32989E-02
113 .41556E-02 - .6659OE-O2
114 .34895E-02 - .10085E-01
115 .27696E-O2 - .13517E-01
116 .18873E-02 - .15451E-01
117 .11240E-02 - .16966E-01
118 .50807E-03 - .17962E-01
119 .00000E+00 - .18314E-01
121 .55212E-02 .00000E+00
122 .53 094E-02 - .43682E-02
123 .47740E-02 - .88435E-02
124 .40915E-02 - .13438E-01
125 .33464E-02 - .18119E-01
126 .23245E-02 - .19669E-01
127 .14058E-02 - .20902E-01
128 .63599E-03 « .21760E-01
129 .00000E+00 - .22080E-01
131 .65813E-02 .00000E+00
132 .62489E-02 - .58626E-02
133 .55107E-02 - .11972E-01
134 .46920E-02 - .18212E-01
135 .38484E-02 - .24457E-01
136 .26017E-02 - .25324E-01
137 .14116E-02 - .26262E-01
138 .51067E-03 - .27174E-01
139 .00000E+00 - .27589E-01
MAXIMUM VALUES
NODE 1 3 1  13  9
VALUE . 6 5 8 1 3 E - 02 - . 2 7 5 8 9 E - 0 1
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An E x t r a c t  from t h e  S t r e s s e s  o f  E lem ent o f
Model B - l
' PRINT S ELEMENT SOLUTION PER ELEMENT
* * * * *  P 0ST 1 ELEMENT NODAL STRESS L IST IN G  * * * * *
LOAD STEP= 1 SUBSTEP= 1
TIME= 1 . 0 0 0 0  LOAD CASE= 0
THE FOLLOWING X , Y , Z VALUES ARE IN  GLOBAL COORDINATES
ELEMENT= 5 7
NODE
61
7 1
72  
62
SX 
-  . 2 8 2 5 3  
- 2  . 2 0 5 6  
- 1 . 8 6 8 8  
- . 7 4 5 8 3
PLANE82
SY 
- 1 5 . 4 1 4  
- 9 . 2 7 1 3  
- 9 . 1 1 1 3  
- 1 4 . 1 3 1
SZ
. 0 0 0 0 0 E + 0 0  
. 0 0 0 0 0 E + 0 0  
. 0 0 0 0 0 E + 0 0  
. 0 0 0 0 0 E + 0 0
SXY
. 9 3 1 6 5 E - 02  
. 1 5 4 8 5 E - 0 1  
. 9 6 8 2 3 E - 0 1  
2 . 6 3 0 0
SYZ
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
SX
00
00
00
00
ELEMENT= 58
NODE
62
72
73  
63
SX
- . 7 7 9 9 0
- 1 . 8 9 7 6
- 1 . 0 2 5 1
- 1 . 8 0 6 2
PLANE82
SY 
1 4 . 1 2 2  
9 . 1 0 4 0  
8 . 5 6 1 6  
1 0 . 7 6 2
SZ
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
SXY 
2 . 6 3 7 1  
. 1 2 1 7 6  
. 4 0 0 3 9  
4 . 1 5 1 1
SYZ
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
SX
00
00
00
00
ELEMENT: 59
NODE SX
63 - 1 . 8 5 4 6
73 - 1 . 0 7 3 3
74  - . 6 9 7 3 1 E - 0 2
64 - 2 . 5 7 9 9
PLANE82
SY SZ SXY
1 0 . 7 5 9  . 0 0 0 0 0 E + 0 0  4 . 1 3 1 2
8 . 5 5 3 2  . 0 0 0 0 0 E + 0 0  . 4 1 0 1 7
7 . 5 0 1 5  . 0 0 0 0 0 E + 0 0  . 9 3 0 9 7
6 . 5 4 1 1  . 0 0 0 0 0 E + 0 0  4 . 0 1 4 4
SYZ
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
SX
00
00
00
00
ELEMENT= 60
NODE SX
64 - 2 . 6 1 4 9
74  - . 6 0 2 8 7 E - 0 1
7 5  . 8 2 8 1 6
6 5  - 2 . 2 2 0 5
PLANE82  
SY SZ
6 . 5 6 5 2  . 0 0 0 0 0 E + 0 0
7 . 5 0 0 6  . 0 0 0 0 0 E + 0 0
5 . 8 8 9 6  . 0 0 0 0 0 E + 0 0
- 2 . 8 3 8 7 . 0 0 0 0 0 E + 0 0
SXY 
3 . 9 7 0 9  
. 9 2 3 7 5  
1 . 5 2 1 3  
2 . 5 3 3 6
SYZ
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
SX
00
00
00
00
ELEMENT= 61 PLANE82
NODE
65
7 5
76
66
SX 
- 2  . 2 2 2 1  
. 7 8 3 1 4  
1 . 2 7 1 0  
- . 4 7 4 2 2
SY 
2 . 9 0 0 7  
■5 . 9 0 2 0  
3 . 8 8 9 4  
. 5 2 6 4 8
SZ
. 0 0 0 0 0 E + 0 0  
. 0 0 0 0 0 E + 0 0  
. 0 0 0 0 0 E + 0 0  
. 0 0 0 0 0 E + 0 0
SXY 
2 . 4 8 7 7  
1 . 5 0 3 1  
1 . 8 7 6 9  
. 6 5 6 2 3
SYZ
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
0 0 0 0 0 E + 0 0
SX
00
00
00
00
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The I n t e r p o l a t e d  Component S t r e s s e s  i n  Y D i r e c t i o n  (Sy)
a lo n g  X A x is  o f  Model B - l
1 PRINT ALONG PATH DEFINED BY LPATH COMMAND. DSYS= 0 
* * * * *  PATH variable summary *****
s SY
.00000E+00
3.1250
6 .2500
9.3750
12.500
1 5 . 6 2 5
18.750
21.875 -14.519
25.000 -11.324
28.125 -9.0194
31.250 -8.1512
3 4 . 3 7 5 -7.2831
37.500 -6.6587
40 . 625 -6.4481
43.750 -6.2376
4 6 . 8 7 5 -6.0271
50.000 -5.8166
53.125 -5.6983
56 .250 -5.6444
59.375 -5.5904
62.500 -5.5365
65.625 -5.4825
68.750 - 5 . 4 2 8 6
71.875 -5.3746
75.000 -5.3206
78.125 -5.2947
81. 250 -5.2687
84.375 -5.2427
87.500 -5.2167
9 0 . 6 2 5 -5.1907
93.750 -5.1670
96.875 -5.1451
100.00 -5.1232
103.13 -5.1012
106.25 -5.0793
109.38 -5.0573
112.50 -5.0354
115.63 -5.0135
118.75 -4.9818
121.88 - 4 . 9 4 8 6
125 . 00 -4.9155
128.13 -4.8824
***** PATH VARIABLE SUMMARY *****
S
131.25 
134 .38 
137.50 
140.63 
143.75 
146.88 
150 . 00
SY 
-4.8493 
-4.8162 
-4.7831 
-4.7499 
-4.7168 
-4.6837 
-4.6506
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The I n t e r p o l a t e d  Component S t r e s s e s  i n  Y D i r e c t i o n  (Sy)
a lo n g  Y A x is  o f  Model B - l
' PRINT ALONG PATH DEFINED BY LPATH COMMAND 
***** PATH VARIABLE SUMMARY *****
s
.00000E+00 
3.1250 
6 . 2500 
9.3750 
12.500 
15.625 
18 .750
SY
21.875 . 18729
25 .000 .93811E
28 .125 -.18179
31.250 - .75128
34.375 -1.3208
37.500 -1.8034
40.625 -2.1385
43 .750 -2.4737
46.875 -2.8088
50 . 000 -3.1440
53.125 -3.3591
56.250 -3.4906
59.375 -3 . 6222
62 .500 -3.7537
65 . 625 -3.8852
68.750 -4.0168
71.875 -4.1483
75.000 -4.2798
78.125 -4.3369
81.250 -4.3940
84.375 -4.4511
87.500 -4.5082
90 . 625 -4.5653
93 .750 -4.6101
96.875 -4.6454
100.00 -4.6807
103.13 -4.7160
106 .25 -4.7513
109 .38 -4.7866
112.50 -4.8219
115.63 -4.8572
118.75 -4.8742
121.88 -4.8885
125 . 00 -4.9029
128.13 -4.9172
***** p a t h VARIABLI
s SY
131.25 -4.9315
134 .38 -4.9459
137.50 -4.9602
140.63 -4 . 9746
143.75 -4.9889
146.88 -5.0033
150.00 -5.0176
DSYS= 0
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Typical Input Data for 
Model 2 of B
(Variation to Models A to S is given)
1. Creation of Elément File b2.db
* Enter the ANSYS program
ANSYS 
/SHOW,XI1 
/MENU,ON
* Specific a jobname for the analysis
* b2.db is the file name for the model 2 of model B
* (a2.db) is the file for the model 2 of model A
* (c2.db to s2.db) are the files for the model 2 of 
models C to S respectively
/FILNAM,b2,db
* Copy the node file into the file of model 2 (refer App.Al)
/RESUME,an,db
* an.db is the node file of models A, B & C
* (dn.db) is the node file for models D, E & F
* (gn.db) is the node file for models G, H & I
* (jn.db) is the node file for models J, K & L
* (mn.db) is the node file for models M, N & 0
* (pn.db) is the node file for models P, Q & R
* Preprocessing
/PREP7
* Specify Material Properties
* Young's modulus (EX) and Poisson's ratio (NUXY)
* Material type 1 is concrete
* Material type 2 is steel
* Material type 3 is epoxy
EX,1,20000
* (EX,1,30000) for model B, E, H, K, N & Q 
* (EX,1,40000) for model C, F, I, L, O & R 
NUXY,!,.2 
EX,2,200000 
NUXY,2,.3 
EX,3,5250 
NUXY,3,.2
* Define the model by direct generation
* Elements Definition
* Define element with material type 2 (steel)
MAT, 2
E,1,2,140,140 
E,2,3,140,140 
E,3,4,140,140 
E,4,5,140,140 
E,5,6,140,140 
E,6,7,140,140 
E,7,8,140,140 
E,8,9,140,140 
E,1,11,12,2
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EGEN,8,1,9 
EGEN,5,10,9,16
* Define element with material type 3 (epoxy)
MAT, 3
E,51,61,62,52 
EGEN,8,1,49
* Define element with material type 1 (concrete)
MAT, 1
E,61,71,72,62 
EGEN,8,1,57 
EGEN,4,10,57,64
* Assign midside nodes to elements
EMID
* Exit the preprocessor
FINISH
* Enter the SOLUTION processor
/SOLU
* Define the symmetry constraints on nodes
D, 1 
D, 9 
D, 168 
D, 183 
D, 140 
D, 142 
D, 143 
D, 165 
D, 166
* Specify the applied deformation on nodes
D, 101 
D, 102 
D, 103 
D, 104 
D, 105 
D, 106 
D, 107 
D, 108 
D, 102 
D, 103 
D, 104 
D, 105 
D, 106 
D, 107 
D, 108 
D, 109
UY,
UX,
UY,
UX,
A
UY
UY
UX
UX
1 0 1 , 1 0  
109,10
304.17
319.17
UX
UX
UX
UX
UX
UX
UX
UX
UY
UY
UY
UY
UY
UY
UY
UY
- . 0044277
- . 0042432
- . 0037315
- . 0030033
- . 0021999
- . 0014517
- . 00083963
- . 00037331 
. 0025855
.0051797 
. 0077545 
.010227 
.012450 
. 014238 
. 015405 
. 015811
# (see following remark)
* # The last value is the negative nodal displacement 
at the specified node in the specified direction 
from Model B-l. For other models (A, C-S) the 
applied displacement is obtained from the 
corresponding model 1
* Initiate the finite element solution
SOLVE
* Exit the SOLUTION processor
FINISH
* Enter postprocessing
/POST1
* Print the nodal displacement solution result
Page N o :F ll
PRNSOL,DOF
i * Print the stresses solution result for the elements 
PRESOL,S
* Define a path nodes along X axis
LPATH,14 0,131
* Define and interpolates the X axis path with component stresses
* in X direction as SX
PDEF,SX,S,X
* Display the defined component stress along path (SX) on graph
PLPATH,SX
* Print the defined component stress along path (SX)
PRPATH,SX
* Define and interpolates the X axis path with component stresses
* in Y direction as SY
PDEF,SY,S,Y
* Display the defined component stress along path (SY) on graph
PLPATH,SY
* Print the defined component stress along path (SY)
PRPATH,SY
* Define and interpolates the X axis path with component elastic
* strain in X direction as DX
PDEF,DX,EPEL, X
* Display the defined component elastic strain along path (DX)
* on graph
PLPATH,DX
* Print the defined component elastic strain along path (DX)
PRPATH,DX
* Define and interpolates the X axis path with component elastic
* strain in Y direction as DY
PDEF,DY,EPEL,Y
* Display the defined component elastic strain along path (DY)
* on graph
PLPATH,DY
* Print the defined component elastic strain along path (DY)
PRPATH,DY
* Define a path nodes along Y axis
LPATH,140,13 9
* Define and interpolates the Y axis path with component stresses
* in X direction as SX
PDEF,SX,S,X
* Display the defined component stress along path (SX) on graph
PLPATH,SX
* Print the defined component stress along path (SX)
PRPATH,SX
* Define and interpolates the Y axis path with component stresses
* in Y direction as SY
PDEF,SY,S,Y
* Display the defined component stress along path (SY) on graph
PLPATH,SY
* Print the defined component stress along path (SY)
PRPATH,SY
* Define and interpolates the Y axis path with component elastic
* strain in X direction as DX
PDEF,DX,EPEL,X
* Display the defined component elastic strain along path (DX)
* on graph
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PLPATH,DX
Print the defined component elastic strain along path (DX) 
PRPATH,DX
Define and interpolates the Y axis path with component elastic
strain in Y direction as DY 
PDEF,DY,EPEL,Y
Display the defined component elastic strain along path (DY)
on graph
PLPATH,DY
Print the defined component elastic strain along path (DY) 
PRPATH,DY
Exit the postprocessor 
FINISH
Save the file to the default filename 
/SAVE
Exit the ANSYS program 
/EXIT
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An E x t r a c t  from  t h e  Nodal D isp la c e m e n t  R e s u l t  o f
Model B-2
PRINT DOF NODAL SOLUTION PER NODE
***** P0ST1 NODAL DEGREE OF FREEDOM LISTING *****
LOAD STEP= 1 SUBSTEP= 1
TIME= 1.0000 LOAD CASE= 0
THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN GLOBAL COORDINATES
NODE UX UY
1 - .17756E-04 .00000E+00
2 -.17414E-04 .82609E-05
3 -.16400E-04 .16206E-04
4 - .14755E-04 .23531E-04
5 -.12543E-04 .29954E-04
6 -.98510E-05 .35227E-04
7 -.67833E-05 .39148E-04
8 - .34573E-O5 .41563E-04
9 .00000E+00 .42379E-04
11 -.47712E-04 .00000E+00
12 -.46774E-04 .22127E-04
13 -.44005E-04 .43426E-04
14 - .39529E-O4 .63 095E-04
15 -.33542E-04 .80380E-04
16 -.26295E-04 .946O4E-O4
17 -.18078E-04 .10520E-03
18 -.92O47E-O5 .11174E-03
19 .00000E+00 .11395E-03
21 -.89822E-04 .00000E+00
22 -.87958E-04 .41232E-04
23 -.82486E-04 .81032E-04
24 - .73738E-04 .11797E-03
25 -.62210E-04 .15065E-03
26 — .48486E-04 .17773E-03
27 - .33169E-04 .19804E-03
28 -.16831E-04 .21063E-03
29 .00000E+00 .21490E-03
31 - .14838E-03 .00000E+00
32 - .14490E-03 .66456E-O4
33 -.13482E-03 .13105E-03
34 -.11908E-03 .19176E-03
35 -.99013E-04 .24633E-03
36 - .76018E-04 .29232E-03
37 - .51325E-04 .32731E-03
38 -.25812E-04 .34925E-03
39 .00000E+00 .35673E-03
41 - .22811E-03 .00000E+00
MAXIMUM VALUES
NODE 101 109
VALUE -.44277E-02 .15811E-01
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An E x t r a c t  from th e  S t r e s s e s  o f  E lem ent o f
Model B-2
PRINT S ELEMENT SOLUTION PER ELEMENT 
***** P0ST1 ELEMENT NODAL STRESS LISTING *****
LOAD STEP= 1
TIME= 1.0000
SUBSTEP= 1
LOAD CASE= 0
THE FOLLOWING X,Y#Z VALUES ARE IN GLOBAL COORDINATES
ELEMENT=
NODE
1
2
140
140
SX 
-1.1086 
-1.1085 
-1.1085 
-1.1085
ELEMENT=
NODE
2
3
140
140
SX 
-1.1082 
-1.1083 
-1.1085 
-1.1085
PLANE82 
SY S Z
8.1371 .00000E+00
8.1353 .00000E+00
8.1476 .00000E+00
8.1476 .00000E+00
PLANE82 
SY SZ
8.1395 .00000E+00
8.1346 .00000E+00
8.1470 .00000E+00
8.1470 .00000E+00 -
SXY
11752E-02 
76583E-03 
20875E-03 
20875E-03
SXY
86612E-03 
12719E-03 
50398E-03 
50398E-03
SYZ
O O O O O E + O O
00000E+00
00000E+00
00000E+00
SYZ
00000E+00
00000E+00
00000E+00
00000E+00
SX
00
00
00
00
SX
00
00
00
00
ELEMENT=
NODE
3
4
140
140
SX 
-1.1072 
-1.1081 
-1.1086 
-1.1086
ELEMENT=
NODE
4
5
140
140
SX 
-1.1053 
-1.1077 
-1.1090 
-1.1090
ELEMENT=
NODE
5
6
140
140
SX 
-1.1031 
-1.1070 
-1.1098 
-1.1098
PLANE82 
SY SZ
8.1417 .00000E+00
8.1353 .00000E+00
8.1460 .00000E+00
8.1460 .00000E+00
PLANE82
SY
8.1433
8.1371
8.1450
8.1450
SY
8.1440
8.1393
8.1442
8.1442
SZ
00000E+00
00000E+00
00000E+00
00000E+00
PLANE82
SZ
. 00000E+00 
.00000E+00 
. 00000E+00 
. 00000E+00
SXY
13790E-04
10233E-02
50389E-03
50389E-03
SXY
10159E-02 
14710E-02 
20825E-03 
20825E-03
SXY
16424E-02 
13 016E-02 
20970E-03 
20970E-03
SYZ
00000E+00
00000E+00
00000E+00
00000E+00
SYZ
00000E+00
00000E+00
00000E+00
00000E+00
SYZ
00000E+00
00000E+00
00000E+00
00000E+00
SX
00
00
00
00
SX
00
00
00
00
SX
00
00
00
00
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APPENDIX A9: The I n t e r p o l a t e d  Component S t r e s s e s  i n  Y D i r e c t i o n  (Sy)
a lo n g  X A x is  o f  Model B-2
r PRINT ALONG PATH DEFINED BY LPATH COMMAND. DSYS= 0 
***** PATH VARIABLE SUMMARY *****
s SY
.00000E+00 8.1451
3.1250 8.0835
6.2500 7.9001
9.3750 7 . 6 0 4 2
12.500 7.2089
15.625 5.6041
18.750 3.6241
21.875 2.8483
25 . 000 4 .2926
28.125 5.2128
31.250 5.2871
34.375 5.3613
37.500 5.4162
40 . 625 5.4382
43.750 5.4601
46.875 5.4821
50.000 5.5040
53.125 5.4484
56.250 5 . 3 3 8 8
59.375 5.2292
6 2 . 5 0 0 5.1195
65.625 5.0099
6 8 . 7 5 0 4.9003
71.875 4.7907
75.000 4.6810
78.125
81.250
8 4 . 3 7 5
87.500
90.625
9 3 . 7 5 0
96.875
100.00
103.13
106.25
109.38
112.50
115.63
118.75
121.88
125.00
128.13
***** PATH VARIABLE SUMMARY *****
S SY
131.25
134.38
137.50
140.63
143.75
146.88
150.00
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APPENDIX A 10: The I n t e r p o l a t e d  Component S t r e s s e s  i n  Y D i r e c t i o n  (Sy)
a lo n g  Y A x is  o f  Model B-2
; PRINT ALONG PATH DEFINED BY LPATH COMMAND. DSYS= 0 
***** PATH VARIABLE SUMMARY *****
s SY
.00000E+00 8.1451
3.1250 8.1444
6.2500 8.1457
9.3750 8.1479
12.500 8.1465
15.625 8.1426
18.750 8.1378
21.875 8.0551
25.000 7.6764
28.125 7.3932
31.250 7.2642
34.375 7.1352
37.500 6.9773
40.625 6.7702
43.750 6.5632
46.875 6.3562
50.000 6.1491
53.125 6.1709
56.250 6.3519
59.375 6 . 5 3 3 0
62.500 6.7140
65.625 6.8950
68.750 7.0760
71.875 7.2571
75.000 7.4381
78.125
81.250
84.375
87.500
90.625
93.750
96.875
100.00
103.13
106.25
109.38
112.50
115.63
118.75
121.88
125.00
128.13
***** PATH VARIABLE SUMMARY *****
S SY
131.25
134.38
137.50
140.63
143.75
146.88
150.00
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Input Data for Model V
Enter the ANSYS program 
ANSYS 
/SHOW,XI1 
/MENU,ON
Specific a jobname (v.db) for the analysis 
/FILNAM,v,db 
Preprocessing (model generation)
/PREP7
Define the element type 82 - a 2D 8-node plane stress element 
ET,1,82 
Specify Material Properties
Young's modulus (EX) and Poisson's ratio (NUXY)
MP,EX,1,30000 
M P ,NUXY,1,.2 
Define the solid model by mesh generation
Define a rectangular area to represent the plate structure 
RECTNG,-150,150,-150,150 
Define a circular area to represent the hole 
PCIRC,21,
Use a Boolean operation to subtract the circle from the 
rectangle 
ASBA,1,2 
Specific controls for the mesh 
KPLOT 
/TRIAD,OFF 
RESIZE, A, 30 
RESIZE,5,13.19469 
RESIZE,6,13.19469 
RESIZE,7,13.19469 
RESIZE,8,13.19469 
Mesh the area with nodes and elements 
AMESH,3
Define a false nodes at origin for easy interpretation of 
results comparison with Model B-l 
Nodes Definition 
N,815,
Exit the preprocessor 
FINISH
Save the file to the default filename 
/SAVE
Enter the SOLUTION processor 
/SOLU
Define the constraints on nodes 
D, 1,U Y, , ,21
D, 12,UX
Specify the surface pressure load (5 N/mm2) on elements 
SEE, 1,2,PRES, ,5 
SFE,12,2,PRES, ,5
SEE,37,2,PRES, ,5 
SFE,39,2,PRES, ,5 
SFE,40,2,PRES, ,5
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SFE,41,2,PRES, ,5 
SFE,42,2,PRES, ,5
SFE,43,2,PRES, ,5
SFE,44,2,PRES, ,5 
SFE,45,2,PRES, ,5
* Initiate the finite element solution
SOLVE
* Exit the SOLUTION processor
FINISH
* Enter postprocessing
/POST1
* Print the nodal displacement solution result
PRNSOL,DOF
* Print the stresses solution result for the elements
PRESOL,S
* Define a path nodes along X axis
LPATH,815, 32
* Define and interpolates the X axis path with component stresses
* in X direction as SX
PDEF,SX,S,X
* Display the defined component stress along path (SX) on graph
PLPATH,SX
* Print the defined component stress along path (SX)
PRPATH,SX
* Define and interpolates the X axis path with component stresses
* in Y direction as SY
PDEF,SY,S ,Y
* Display the defined component stress along path (SY) on graph
PLPATH,SY
* Print the defined component stress along path (SY)
PRPATH,SY
* Define and interpolates the X axis path with component elastic
* strain in X direction as DX
PDEF,DX,EPEL,X
* Display the defined component elastic strain along path (DX)
* on graph
PLPATH,DX
* Print the defined component elastic strain along path (DX)
PRPATH,DX
* Define and interpolates the X axis path with component elastic
* strain in Y direction as DY
PDEF,DY,EPEL,Y
* Display the defined component elastic strain along path (DY)
* on graph
PLPATH,DY
* Print the defined component elastic strain along path (DY)
PRPATH,DY
* Define a path nodes along Y axis
LPATH,815, 52
* Define and interpolates the Y axis path with component stresses
* in X direction as SX
PDEF,SX,S,X
* Display the defined component stress along path (SX) on graph
PLPATH,SX
* Print the defined component stress along path (SX)
PRPATH,SX
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* Define and interpolates the Y axis path with component stresses 
; * in Y direction as SY
PDEF,SY,S,Y
* Display the defined component stress along path (SY) on graph
PLPATH,SY
* Print the defined component stress along path (SY)
PRPATH,SY
* Define and interpolates the Y axis path with component elastic
* strain in X direction as DX
PDEF,DX,EPEL,X
* Display the defined component elastic strain along path (DX)
* on graph
PLPATH,DX
* Print the defined component elastic strain along path (DX)
PRPATH,DX
* Define and interpolates the Y axis path with component elastic
* strain in Y direction as DY
PDEF,DY,EPEL,Y
* Display the defined component elastic strain along path (DY)
* on graph
PLPATH,DY
* Print the defined component elastic strain along path (DY)
PRPATH,DY
* Exit the postprocessor
FINISH
* Save the file to the default filename
/SAVE
* Exit the ANSYS program
/EXIT
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Vertical stresses along the x and y axes for all models 
from the 2-Dimensional Finite Element Analysis.
Model A
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 1 mm 
Ec = 20 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2
0 8.8024 8.8024
3.125 8.7424 8.7424
6.25 8.5639 8.5639
9.375 8.2758 8.2758
12.5 7.8927 7.8927
15.625 6.1633 6.1633
18.75 4.0163 4.0163
21.875 -14.519 2.4258 -12.0932
25 -11.324 3.9231 -7.4009
28.125 -9.0194 4.9072 -4.1122
31.25 -8.1512 5.063 -3.0882
34.375 -7.2831 5.2189 -2.0642
37.5 -6.6587 5.3315 -1.3272
40.625 -6.4481 5.3707 -1.0774
43.75 -6.2376 5.4099 -0.8277
46.875 -6.0271 5.4491 -0.578
50 -5.8166 5.4883 -0.3283
53.125 -5.6983 5.4411 -0.2572
56.25 -5.6444 5.3336 -0.3108
59.375 -5.5904 5.2261 -0.3643
62.5 -5.5365 5.1186 -0.4179
65.625 -5.4825 5.0111 -0.4714
68.75 -5.4286 4.9037 -0.5249
71.875 -5.3746 4.7962 -0.5784
75 -5.3206 4.6887 -0.6319
78.125 -5.2947 -5.2947
81.25 -5.2687 -5.2687
84.375 -5.2427 -5.2427
87.5 -5.2167 -5.2167
90.625 -5.1907 -5.1907
93.75 -5.167 -5.167
96.875 -5.1451 -5.1451
100 -5.1232 -5.1232
103.13 -5.1012 -5.1012
106.25 -5.0793 -5.0793
109.38 -5.0573 -5.0573
112.5 -5.0354 -5.0354
115.63 -5.0135 -5.0135
118.75 -4.9818 -4.9818
121.88 -4.9486 -4.9486
125 -4.9155 -4.9155
128.13 -4.8824 -4.8824
131.25 -4.8493 -4.8493
134.38 -4.8162 -4.8162
137.5 -4.7831 -4.7831
140.63 -4.7499 -4.7499
143.75 -4.7168 -4.7168
146.88 -4.6837 -4.6837
150 -4.6506 -4.6506
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Model B
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 1 mm 
Ec = 30 KN/mm2
Column 1: x = Distance along x-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 8.1451 8.1451
3.125 8.0835 8.0835
6.25 7.9001 7.9001
9.375 7.6042 7.6042
12.5 7.2089 7.2089
15.625 5.6041 5.6041
18.75 3.6241 3.6241
21.875 -14.519 2.8483 -11.6707
25 -11.324 4.2926 -7.0314
28.125 -9.0194 5.2128 -3.8066
31.25 -8.1512 5.2871 -2.8641
34.375 -7.2831 5.3613 -1.9218
37.5 -6.6587 5.4162 -1.2425
40.625 -6.4481 5.4382 -1.0099
43.75 -6.2376 5.4601 -0.7775
46.875 -6.0271 5.4821 -0.545
50 -5.8166 5.504 -0.3126
53.125 -5.6983 5.4484 -0.2499
56.25 -5.6444 5.3388 -0.3056
59.375 -5.5904 5.2292 -0.3612
62.5 -5.5365 5.1195 -0.417
65.625 -5.4825 5.0099 -0.4726
68.75 -5.4286 4.9003 -0.5283
71.875 -5.3746 4.7907 -0.5839
75 -5.3206 4.681 -0.6396
78.125 -5.2947 -5.2947
81.25 -5.2687 -5.2687
84.375 -5.2427 -5.2427
87.5 -5.2167 -5.2167
90.625 -5.1907 -5.1907
93.75 -5.167 -5.167
96.875 -5.1451 -5.1451
100 -5.1232 -5.1232
103.13 -5.1012 -5.1012
106.25 -5.0793 -5.0793
109.38 -5.0573 -5.0573
112.5 -5.0354 -5.0354
115.63 -5.0135 -5.0135
118.75 -4.9818 -4.9818
121.88 -4.9486 -4.9486
125 -4.9155 -4.9155
128.13 -4.8824 -4.8824
131.25 -4.8493 -4.8493
134.38 -4.8162 -4.8162
137.5 -4.7831 -4.7831
140.63 -4.7499 -4.7499
143.75 -4.7168 -4.7168
146.88 -4.6837 -4.6837
150 -4.6506 -4.6506
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Model C
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 1 mm 
Ec = 40 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.6297 7.6297
3.125 7.5636 7.5636
6.25 7.367 7.367
9.375 7.0499 7.0499
12.5 6.6249 6.6249
15.625 5.095 5.095
18.75 3.2223 3.2223
21.875 -14.519 3.2037 -11.3153
25 -11.324 4.6137 -6.7103
28.125 -9.0194 5.4844 -3.535
31.25 -8.1512 5.4849 -2.6663
34.375 -7.2831 5.4853 -1.7978
37.5 -6.6587 5.4882 -1.1705
40.625 -6.4481 5.4953 -0.9528
43.75 -6.2376 5.5025 -0.7351
46.875 -6.0271 5.5096 -0.5175
50 -5.8166 5.5168 -0.2998
53.125 -5.6983 5.4541 -0.2442
56.25 -5.6444 5.3427 -0.3017
59.375 -5.5904 5.2313 -0.3591
62.5 -5.5365 5.1199 -0.4166
65.625 -5.4825 5.0085 -0.474
68.75 -5.4286 4.8972 -0.5314
71.875 -5.3746 4.7858 -0.5888
75 -5.3206 4.6744 -0.6462
78.125 -5.2947 -5.2947
81.25 -5.2687 -5.2687
84.375 -5.2427 -5.2427
87.5 -5.2167 -5.2167
90.625 -5.1907 -5.1907
93.75 -5.167 -5.167
96.875 -5.1451 -5.1451
100 -5.1232 -5.1232
103.13 -5.1012 -5.1012
106.25 -5.0793 -5.0793
109.38 -5.0573 -5.0573
112.5 -5.0354 -5.0354
115.63 -5.0135 -5.0135
118.75 -4.9818 -4.9818
121.88 -4.9486 -4.9486
125 -4.9155 -4.9155
128.13 -4.8824 -4.8824
131.25 -4.8493 -4.8493
134.38 -4.8162 -4.8162
137.5 -4.7831 -4.7831
140.63 -4.7499 -4.7499
143.75 -4.7168 -4.7168
146.88 -4.6837 -4.6837
150 -4.6506 -4.6506
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Model D
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 2 mm 
Ec = 20 KN/mm2
Column 1 : x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2
0 8.3757 8.3757
3.125 8.3132 8.3132
6.25 8.128 8.128
9.375 7.8286 7.8286
12.5 7.4337 7.4337
15.625 5.7865 5.7865
18.75 3.7506 3.7506
21.875 -15.689 2.9324 -12.7566
25 -12.51 4.2079 -8.3021
28.125 -9.552 5.4107 -4.1413
31.25 -8.6289 5.4495 -3.1794
34.375 -7.7058 5.4882 -2.2176
37.5 -6.8803 5.5233 -1.357
40.625 -6.646 5.5364 -1.1096
43.75 -6.4118 5.5494 -0.8624
46.875 -6.1775 5.5625 -0.615
50 -5.9432 5.5755 -0.3677
53.125 -5.7867 5.5292 -0.2575
56.25 -5.7255 5.4102 -0.3153
59.375 -5.6643 5.2911 -0.3732
62.5 -5.6031 5.1721 -0.431
65.625 -5.542 5.053 -0.489
68.75 -5.4808 4.9339 -0.5469
71.875 -5.4196 4.8149 -0.6047
75 -5.3584 4.6958 -0.6626
78.125 -5.3292 -5.3292
81.25 -5.3 -5.3
84.375 -5.2708 -5.2708
87.5 -5.2416 -5.2416
90.625 -5.2124 -5.2124
93.75 -5.1859 -5.1859
96.875 -5.1616 -5.1616
100 -5.1372 -5.1372
103.13 -5.1128 -5.1128
106.25 -5.0884 -5.0884
109.38 -5.0641 -5.0641
112.5 -5.0397 -5.0397
115.63 -5.0153 -5.0153
118.75 -4.9803 -4.9803
121.88 -4.9437 -4.9437
125 -4.9071 -4.9071
128.13 -4.8705 -4.8705
131.25 -4.8339 -4.8339
134.38 -4.7973 -4.7973
137.5 -4.7607 -4.7607
140.63 -4.7241 -4.7241
143.75 -4.6875 -4.6875
146.88 -4.6509 -4.6509
150 -4.6143 -4.6143
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Model E
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 150 mm 
glue thickness = 2 mm 
Ec = 30 KN/mm2
Column 1: x = Distance along x-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0
3.125
6.25
9.375
12.5
15.625
18.75
21.875 
25
28.125
31.25
34.375
37.5
40.625
43.75
46.875  
50
53.125
56.25
59.375
62.5
65.625
68.75
71.875 
75
78.125
81.25
84.375
87.5
90.625
93.75
96.875 
100
103.13
106.25
109.38
112.5
115.63
118.75 
121.88
125
128.13
131.25
134.38
137.5
140.63
143.75 
146.88
150
-15.689
-12.51
-9.552
-8.6289
-7.7058
-6.8803
-6.646
-6.4118
-6.1775
-5.9432
-5.7867
-5.7255
-5.6643
-5.6031
-5.542
-5.4808
-5.4196
-5.3584
-5.3292
-5.3
-5.2708
-5.2416
-5.2124
-5.1859
-5.1616
-5.1372
-5.1128
-5.0884
-5.0641
-5.0397
-5.0153
-4.9803
-4.9437
-4.9071
-4.8705
-4.8339
-4.7973
-4.7607
-4.7241
-4.6875
-4.6509
-4.6143
7.5574
7.4882
7.2827
6.9508
6.5101
4.9821
3.1166
3.3651
4.6924
5.87
5.7925
5.7149
5.6467
5.6354
5.624
5.6127
5.6013
5.5402
5.4179
5.2957
5.1734
5.0512
4.9289
4.8067
4.6844
7.5574
7.4882
7.2827
6.9508
6.5101
4.9821
3.1166
-12.3239
-7.8176
-3.682
-2.8364
-1.9909
-1.2336
-1.0106
-0.7878
-0.5648
-0.3419
-0.2465
-0.3076
-0.3686
-0.4297
-0.4908
-0.5519
-0.6129
-0.674
-5.3292
-5.3
-5.2708
-5.2416
-5.2124
-5.1859
-5.1616
-5.1372
-5.1128
-5.0884
-5.0641
-5.0397
-5.0153
-4.9803
-4.9437
-4.9071
-4.8705
-4.8339
-4.7973
-4.7607
-4.7241
-4.6875
-4.6509
-4.6143
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Model F
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 2 mm 
Ec = 40 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.7917 6.7917
3.125 6.7246 6.7246
6.25 6.5247 6.5247
9.375 6.2025 6.2025
12.5 5.7741 5.7741
15.625 4.3961 4.3961
18.75 2.7235 2.7235
21.875 -15.689 3.659 -12.03
25 -12.51 5.0268 -7.4832
28.125 -9.552 6.1912 -3.3608
31.25 -8.6289 5.98 -2.6489
34.375 -7.7058 5.7688 -1.937
37.5 -6.8803 5.6023 -1.278
40.625 -6.646 5.7069 -0.9391
43.75 -6.4118 5.8114 -0.6004
46.875 -6.1775 5.9159 -0.2616
50 -5.9432 6.0205 0.0773
53.125 -5.7867 5.9551 0.1684
56.25 -5.7255 5.6811 -0.0444
59.375 -5.6643 5.4072 -0.2571
62.5 -5.6031 5.1332 -0.4699
65.625 -5.542 4.8593 -0.6827
68.75 -5.4808 4.5854 -0.8954
71.875 -5.4196 4.3114 -1.1082
75 -5.3584 4.0375 -1.3209
78.125 -5.3292 -5.3292
81.25 -5.3 -5.3
84.375 -5.2708 -5.2708
87.5 -5.2416 -5.2416
90.625 -5.2124 -5.2124
93.75 -5.1859 -5.1859
96.875 -5.1616 -5.1616
100 -5.1372 -5.1372
103.13 -5.1128 -5.1128
106.25 -5.0884 -5.0884
109.38 -5.0641 -5.0641
112.5 -5.0397 -5.0397
115.63 -5.0153 -5.0153
118.75 -4.9803 -4.9803 ,
121.88 -4.9437 -4.9437
125 -4.9071 -4.9071
128.13 -4.8705 -4.8705
131.25 -4.8339 -4.8339
134.38 -4.7973 -4.7973
137.5 -4.7607 -4.7607
140.63 -4.7241 -4.7241
143.75 -4.6875 -4.6875
146.88 -4.6509 -4.6509
150 -4.6143 -4.6143
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Model G
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 3 mm 
Ec = 20 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 8.0704 8.0704
3.125 8.0069 8.0069
6.25 7.819 7.819
9.375 7.5149 7.5149
12.5 7.1172 7.1172
15.625 5.5217 5.5217
18.75 3.5545 3.5545
21.875 3.3115 3.3115
25 -13.684 4.43 -9.254
28.125 -10.522 5.6676 -4.8544
31.25 -9.1369 5.8475 -3.2894
34.375 -8.1602 5.7839 -2.3763
37.5 -7.1835 5.7203 -1.4632
40.625 -6.8615 5.7046 -1.1569
43.75 -6.6022 5.6934 -0.9088
46.875 -6.3429 5.6822 -0.6607
50 -6.0836 5.671 -0.4126
53.125 -5.883 5.6228 -0.2602
56.25 -5.8139 5.4917 -0.3222
59.375 -5.7448 5.3607 -0.3841
62.5 -5.6757 5.2296 -0.4461
65.625 -5.6066 5.0985 -0.5081
68.75 -5.5375 4.9674 -0.5701
71.875 -5.4685 4.8363 -0.6322
75 -5.3994 4.7052 -0.6942
78.125 -5.3667 -5.3667
81.25 -5.3339 -5.3339
84.375 -5.3012 -5.3012
87.5 -5.2685 -5.2685
90.625 -5.2358 -5.2358
93.75 -5.2063 -5.2063
96.875 -5.1793 -5.1793
100 -5.1523 -5.1523
103.13 -5.1253 -5.1253
106.25 -5.0983 -5.0983
109.38 -5.0713 -5.0713
112.5 -5.0443 -5.0443
115.63 -5.0174 -5.0174
118.75 -4.9788 -4.9788
121.88 -4.9385 -4.9385
125 -4.8982 -4.8982
128.13 -4.8579 -4.8579
131.25 -4.8176 -4.8176
134.38 -4.7774 -4.7774
137.5 -4.7371 -4.7371
140.63 -4.6968 -4.6968
143.75 -4.6565 -4.6565
146.88 -4.6162 -4.6162
150 -4.576 -4.576
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Model H
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 3 mm 
Ec = 30 KN/mm2
Column 1 : x = Distance along x-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.0695 7.0695
3.125 7.0028 7.0028
6.25 6.805 6.805
9.375 6.4851 6.4851
12.5 6.0637 6.0637
15.625 4.6292 4.6292
18.75 2.8802 2.8802
21.875 3.4093 3.4093
25 -13.684 4.9464 -8.7376
28.125 -10.522 6.1963 -4.3257
31.25 -9.1369 6.2709 -2.866
34.375 -8.1602 6.075 -2.0852
37.5 -7.1835 5.8792 -1.3043
40.625 -6.8615 5.8257 -1.0358
43.75 -6.6022 5.7858 -0.8164
46.875 -6.3429 5.746 -0.5969
50 -6.0836 5.7061 -0.3775
53.125 -5.883 5.6368 -0.2462
56.25 -5.8139 5.5071 -0.3068
59.375 -5.7448 5.3665 -0.3783
62.5 -5.6757 5.2314 -0.4443
65.625 -5.6066 5.0962 -0.5104
68.75 -5.5375 4.9611 -0.5764
71.875 -5.4685 4.8259 -0.6426
75 -5.3994 4.6907 -0.7087
78.125 -5.3667 -5.3667
81.25 -5.3339 -5.3339
84.375 -5.3012 -5.3012
87.5 -5.2685 -5.2685
90.625 -5.2358 -5.2358
93.75 -5.2063 -5.2063
96.875 -5.1793 -5.1793
100 -5.1523 -5.1523
103.13 -5.1253 -5.1253
106.25 -5.0983 -5.0983
109.38 -5.0713 -5.0713
112.5 -5.0443 -5.0443
115.63 -5.0174 -5.0174
118.75 -4.9788 -4.9788
121.88 -4.9385 -4.9385
125 -4.8982 -4.8982
128.13 -4.8579 -4.8579
131.25 -4.8176 -4.8176
134.38 -4.7774 -4.7774
137.5 -4.7371 -4.7371
140.63 -4.6968 -4.6968
143.75 -4.6565 -4.6565
146.88 -4.6162 -4.6162
150 -4.576 -4.576
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Model I
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 3 mm 
Ec = 40 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.2724 6.2724
3.125 6.2074 6.2074
6.25 6.0146 6.0146
9.375 5.703 5.703
12.5 5.2912 5.2912
15.625 3.9989 3.9989
18.75 2.4333 2.4333
21.875 3.5121 3.5121
25 -13.684 5.3343 -8.3497
28.125 -10.522 6.583 -3.939
31.25 -9.1369 6.5787 -2.5582
34.375 -8.1602 6.286 -1.8742
37.5 -7.1835 5.9933 -1.1902
40.625 -6.8615 5.9124 -0.9491
43.75 -6.6022 5.8517 -0.7505
46.875 -6.3429 5.7911 -0.5518
50 -6.0836 5.7305 -0.3531
53.125 -5.883 5.646 -0.237
56.25 -5.8139 5.508 -0.3059
59.375 -5.7448 5.37 -0.3748
62.5 -5.6757 5.232 -0.4437
65.625 -5.6066 5.094 -0.5126
68.75 -5.5375 4.9559 -0.5816
71.875 -5.4685 4.8179 -0.6506
75 -5.3994 4.6799 -0.7195
78.125 -5.3667 -5.3667
81.25 -5.3339 -5.3339
84.375 -5.3012 -5.3012
87.5 -5.2685 -5.2685
90.625 -5.2358 -5.2358
93.75 -5.2063 -5.2063
96.875 -5.1793 -5.1793
100 -5.1523 -5.1523
103.13 -5.1253 -5.1253
106.25 -5.0983 -5.0983
109.38 -5.0713 -5.0713
112.5 -5.0443 -5.0443
115.63 -5.0174 -5.0174
118.75 -4.9788 -4.9788
121.88 -4.9385 -4.9385
125 -4.8982 -4.8982
128.13 -4.8579 -4.8579
131.25 -4.8176 -4.8176
134.38 -4.7774 -4.7774
137.5 -4.7371 -4.7371
140.63 -4.6968 -4.6968
143.75 -4.6565 -4.6565
146.88 -4.6162 -4.6162
150 -4.576 -4.576
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Model J
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 20 KN/mm2
Column 1 : x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.36 7.36
3.125 7.1638 7.1638
6.25 6.5866 6.5866
9.375 3.4356 3.4356
12.5 -12.141 3.4677 -8.6733
15.625 -7.7931 4.9723 -2.8208
18.75 -6.9067 5.0249 -1.8818
21.875 -6.0203 5.0775 -0.9428
25 -5.8008 5.1152 -0.6856
28.125 -5.6281 5.1519 -0.4762
31.25 -5.4555 5.1885 -0.267
34.375 -5.3483 5.1549 -0.1934
37.5 -5.3115 5.0458 -0.2657
40.625 -5.2747 4.9366 -0.3381
43.75 -5.238 4.8274 -0.4106
46.875 -5.2012 4.7182 -0.483
50 -5.1644 4.609 -0.5554
53.125 -5.1532 -5.1532
56.25 -5.1419 -5.1419
59.375 -5.1307 -5.1307
62.5 -5.1194 -5.1194
65.625 -5.1082 -5.1082
68.75 -5.0969 -5.0969
71.875 -5.0857 -5.0857
75 -5.0786 -5.0786
78.125 -5.0729 -5.0729
81.25 -5.0671 -5.0671
84.375 -5.0614 -5.0614
87.5 -5.0557 -5.0557
90.625 -5.0499 -5.0499
93.75 -5.0442 -5.0442
96.875 -5.0385 -5.0385
100 -5.0327 -5.0327
103.13 -5.027 -5.027
106.25 -5.0202 -5.0202
109.38 -5.0124 -5.0124
112.5 -5.0046 -5.0046
115.63 -4.9968 -4.9968
118.75 -4.989 -4.989
121.88 -4.9812 -4.9812
125 -4.9734 -4.9734
128.13 -4.9656 -4.9656
131.25 -4.9578 -4.9578
134.38 -4.95 -4.95
137.5 -4.9422 -4.9422
140.63 -4.9344 -4.9344
143.75 -4.9266 -4.9266
146.88 -4.9188 -4.9188
150 -4.911 -4.911
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Model K
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 30 KN/mm2
Column 1 : x = Distance along x-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.6948 6.6948
3.125 6.4714 6.4714
6.25 5.8134 5.8134
9.375 2.8833 2.8833
12.5 -12.141 3.8487 -8.2923
15.625 -7.7931 5.2538 -2.5393
18.75 -6.9067 5.201 -1.7057
21.875 -6.0203 5.1481 -0.8722
25 -5.8008 5.1622 -0.6386
28.125 -5.6281 5.181 -0.4471
31.25 -5.4555 5.1999 -0.2556
34.375 -5.3483 5.1565 -0.1918
37.5 -5.3115 5.046 -0.2655
40.625 -5.2747 4.9355 -0.3392
43.75 -5.238 4.8249 -0.4131
46.875 -5.2012 4.7144 -0.4868
50 -5.1644 4.6039 -0.5605
53.125 -5.1532 -5.1532
56.25 -5.1419 -5.1419
59.375 -5.1307 -5.1307
62.5 -5.1194 -5.1194
65.625 -5.1082 -5.1082
68.75 -5.0969 -5.0969
71.875 -5.0857 -5.0857
75 -5.0786 -5.0786
78.125 -5.0729 -5.0729
81.25 -5.0671 -5.0671
84.375 -5.0614 -5.0614
87.5 -5.0557 -5.0557
90.625 -5.0499 -5.0499
93.75 -5.0442 -5.0442
96.875 -5.0385 -5.0385
100 -5.0327 -5.0327
103.13 -5.027 -5.027
106.25 -5.0202 -5.0202
109.38 -5.0124 -5.0124
112.5 -5.0046 -5.0046
115.63 -4.9968 -4.9968
118.75 -4.989 -4.989
121.88 -4.9812 -4.9812
125 -4.9734 -4.9734
128.13 -4.9656 -4.9656
131.25 -4.9578 -4.9578
134.38 -4.95 -4.95
137.5 -4.9422 -4.9422
140.63 -4.9344 -4.9344
143.75 -4.9266 -4.9266
146.88 -4.9188 -4.9188
150 -4.911 -4.911
Page No:GIJ
Model L
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 40 KN/mm2
Column 1 : x = Distance along x-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.1193 6.1193
3.125 5.89 5.89
6.25 5.2141 5.2141
9.375 2.4992 2.4992
12.5 -12.141 4.1523 -7.9887
15.625 -7.7931 5.4719 -2.3212
18.75 -6.9067 5.3369 -1.5698
21.875 -6.0203 5.2018 -0.8185
25 -5.8008 5.1978 -0.603
28.125 -5.6281 5.2029 -0.4252
31.25 -5.4555 5.2081 -0.2474
34.375 -5.3483 5.1571 -0.1912
37.5 -5.3115 5.0456 -0.2659
40.625 -5.2747 4.9342 -0.3405
43.75 -5.238 4.8228 -0.4152
46.875 -5.2012 4.7113 -0.4899
50 -5.1644 4.5999 -0.5645
53.125 -5.1532 -5.1532
56.25 -5.1419 -5.1419
59.375 -5.1307 -5.1307
62.5 -5.1194 -5.1194
65.625 -5.1082 -5.1082
68.75 -5.0969 -5.0969
71.875 -5.0857 -5.0857
75 -5.0786 -5.0786
78.125 -5.0729 -5.0729
81.25 -5.0671 -5.0671
84.375 -5.0614 -5.0614
87.5 -5.0557 -5.0557
90.625 -5.0499 -5.0499
93.75 -5.0442 -5.0442
96.875 -5.0385 -5.0385
100 -5.0327 -5.0327
103.13 -5.027 -5.027
106.25 -5.0202 -5.0202
109.38 -5.0124 -5.0124
112.5 -5.0046 -5.0046
115.63 -4.9968 -4.9968
118.75 -4.989 -4.989
121.88 -4.9812 -4.9812
125 -4.9734 -4.9734
128.13 -4.9656 -4.9656
131.25 -4.9578 -4.9578
134.38 -4.95 -4.95
137.5 -4.9422 -4.9422
140.63 -4.9344 -4.9344
143.75 -4.9266 -4.9266
146.88 -4.9188 -4.9188
150 -4.911 -4.911
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Model M
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 2 mm 
Ec = 20 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.8036 6.8036
3.125 6.6148 6.6148
6.25 6.0615 6.0615
9.375 3.1486 3.1486
12.5 -13.868 3.9326 -9.9354
15.625 -9.1366 5.2786 -3.858
18.75 -7.4703 5.4179 -2.0524
21.875 -6.455 5.3008 -1.1542
25 -6.0068 5.2696 -0.7372
28.125 -5.7957 5.2741 -0.5216
31.25 -5.5845 5.2787 -0.3058
34.375 -5.4296 5.2389 -0.1907
37.5 -5.3837 5.1133 -0.2704
40.625 -5.3377 4.9877 -0.35
43.75 -5.2918 4.862 -0.4298
46.875 -5.2458 4.7364 -0.5094
50 -5.1998 4.6107 -0.5891
53.125 -5.186 -5.186
56.25 -5.1722 -5.1722
59.375 -5.1583 -5.1583
62.5 -5.1445 -5.1445
65.625 -5.1306 -5.1306
68.75 -5.1168 -5.1168
71.875 -5.103 -5.103
75 -5.0943 -5.0943
78.125 -5.0874 -5.0874
81.25 -5.0806 -5.0806
84.375 -5.0737 -5.0737
87.5 -5.0668 -5.0668
90.625 -5.0599 -5.0599
93.75 -5.053 -5.053
96.875 -5.0461 -5.0461
100 -5.0392 -5.0392
103.13 -5.0323 -5.0323
106.25 -5.0242 -5.0242
109.38 -5.0149 -5.0149
112.5 -5.0056 -5.0056
115.63 -4.9963 -4.9963
118.75 -4.987 -4.987
121.88 -4.9776 -4.9776
125 -4.9683 -4.9683
128.13 -4.959 -4.959
131.25 -4.9497 -4.9497
134.38 -4.9404 -4.9404
137.5 -4.931 -4.931
140.63 -4.9217 -4.9217
143.75 -4.9124 -4.9124
146.88 -4.9031 -4.9031
150 -4.8938 -4.8938
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Model N
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 2 mm 
Ec = 30 KN/mm2
Column 1 : x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 5.8846 5.8846
3.125 5.6878 5.6878
6.25 5.1099 5.1099
9.375 2.5396 2.5396
12.5 -13.868 4.3662 -9.5018
15.625 -9.1366 5.6604 -3.4762
18.75 -7.4703 5.6782 -1.7921
21.875 -6.455 5.4248 -1.0302
25 -6.0068 5.3364 -0.6704
28.125 -5.7957 5.3169 -0.4788
31.25 -5.5845 5.2974 -0.2871
34.375 -5.4296 5.2411 -0.1885
37.5 -5.3837 5.1135 -0.2702
40.625 -5.3377 4.9859 -0.3518
43.75 -5.2918 4.8583 -0.4335
46.875 -5.2458 4.7307 -0.5151
50 -5.1998 4.6031 -0.5967
53.125 -5.186 -5.186
56.25 -5.1722 -5.1722
59.375 -5.1583 -5.1583
62.5 -5.1445 -5.1445
65.625 -5.1306 -5.1306
68.75 -5.1168 -5.1168
71.875 -5.103 -5.103
75 -5.0943 -5.0943
78.125 -5.0874 -5.0874
81.25 -5.0806 -5.0806
84.375 -5.0737 -5.0737
87.5 -5.0668 -5.0668
90.625 -5.0599 -5.0599
93.75 -5.053 -5.053
96.875 -5.0461 -5.0461
100 -5.0392 -5.0392
103.13 -5.0323 -5.0323
106.25 -5.0242 -5.0242
109.38 -5.0149 -5.0149
112.5 -5.0056 -5.0056
115.63 -4.9963 -4.9963
118.75 -4.987 -4.987
121.88 -4.9776 -4.9776
125 -4.9683 -4.9683
128.13 -4.959 -4.959
131.25 -4.9497 -4.9497
134.38 -4.9404 -4.9404
137.5 -4.931 -4.931
140.63 -4.9217 -4.9217
143.75 -4.9124 -4.9124
146.88 -4.9031 -4.9031
150 -4.8938 -4.8938
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Model O
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 100 mm 
glue thickness = 2 mm 
Ec = 40 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 5.172 5.172
3.125 4.982 4.982
6.25 4.4235 4.4235
9.375 2.1378 2.1378
12.5 -13.868 4.6936 -9.1744
15.625 -9.1366 5.9367 -3.1999
18.75 -7.4703 5.8643 -1.606
21.875 -6.455 5.5124 -0.9426
25 -6.0068 5.383 -0.6238
28.125 -5.7957 5.3464 -0.4493
31.25 -5.5845 5.3098 -0.2747
34.375 -5.4296 5.2418 -0.1878
37.5 -5.3837 5.113 -0.2707
40.625 -5.3377 4.9842 -0.3535
43.75 -5.2918 4.8553 -0.4365
46.875 -5.2458 4.7265 -0.5193
50 -5.1998 4.5976 -0.6022
53.125 -5.186 -5.186
56.25 -5.1722 -5.1722
59.375 -5.1583 -5.1583
62.5 -5.1445 -5.1445
65.625 -5.1306 -5.1306
68.75 -5.1168 -5.1168
71.875 -5.103 -5.103
75 -5.0943 -5.0943
78.125 -5.0874 -5.0874
81.25 -5.0806 -5.0806
84.375 -5.0737 -5.0737
87.5 -5.0668 -5.0668
90.625 -5.0599 -5.0599
93.75 -5.053 -5.053
96.875 -5.0461 -5.0461
100 -5.0392 -5.0392
103.13 -5.0323 -5.0323
106.25 -5.0242 -5.0242
109.38 -5.0149 -5.0149
112.5 -5.0056 -5.0056
115.63 -4.9963 -4.9963
118.75 -4.987 -4.987
121.88 -4.9776 -4.9776
125 -4.9683 -4.9683
128.13 -4.959 -4.959
131.25 -4.9497 -4.9497
134.38 -4.9404 -4.9404
137.5 -4.931 -4.931
140.63 -4.9217 -4.9217
143.75 -4.9124 -4.9124
146.88 -4.9031 -4.9031
150 -4.8938 -4.8938
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Model P
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 3 mm 
Ec = 20 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2
0 6.3926 6.3926
3.125 6.2327 6.2327
6.25 5.766 5.766
9.375 3.0773 3.0773
12.5 4.1115 4.1115
15.625 -10.866 5.435 -5.431
18.75 -8.0995 5.8388 -2.2607
21.875 -6.9614 5.5816 -1.3798
25 -6.2446 5.4346 -0.81
28.125 -5.9911 5.4087 -0.5824
31.25 -5.7375 5.3828 -0.3547
34.375 -5.5234 5.3333 -0.1901
37.5 -5.4667 5.1896 -0.2771
40.625 -5.41 5.046 -0.364
43.75 -5.3533 4.9024 -0.4509
46.875 -5.2966 4.7587 -0.5379
50 -5.2399 4.6151 -0.6248
53.125 -5.2231 -5.2231
56.25 -5.2063 -5.2063
59.375 -5.1894 -5.1894
62.5 -5.1726 -5.1726
65.625 -5.1557 -5.1557
68.75 -5.1389 -5.1389
71.875 -5.1221 -5.1221
75 -5.1117 -5.1117
78.125 -5.1036 -5.1036
81.25 -5.0954 -5.0954
84.375 -5.0872 -5.0872
87.5 -5.0791 -5.0791
90.625 -5.0709 -5.0709
93.75 -5.0627 -5.0627
96.875 -5.0546 -5.0546
100 -5.0464 -5.0464
103.13 -5.0382 -5.0382
106.25 -5.0286 -5.0286
109.38 -5.0177 -5.0177
112.5 -5.0067 -5.0067
115.63 -4.9957 -4.9957
118.75 -4.9847 -4.9847
121.88 -4.9737 -4.9737
125 -4.9628 -4.9628
128.13 -4.9518 -4.9518
131.25 -4.9408 -4.9408
134.38 -4.9298 -4.9298
137.5 -4.9188 -4.9188
140.63 -4.9078 -4.9078
143.75 -4.8969 -4.8969
146.88 -4.8859 -4.8859
150 -4.8749 -4.8749
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Model Q
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 3 mm 
Ec = 30 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 5.3413 5.3413
3.125 5.1826 5.1826
6.25 4.7187 4.7187
9.375 2.4321 2.4321
12.5 4.3645 4.3645
15.625 -10.866 5.8533 -5.0127
18.75 -8.0995 6.1756 -1.9239
21.875 -6.9614 5.7623 -1.1991
25 -6.2446 5.5197 -0.7249
28.125 -5.9911 5.4649 -0.5262
31.25 -5.7375 5.4101 -0.3274
34.375 -5.5234 5.337 -0.1864
37.5 -5.4667 5.1907 -0.276
40.625 -5.41 5.0445 -0.3655
43.75 -5.3533 4.8982 -0.4551
46.875 -5.2966 4.7519 -0.5447
50 -5.2399 4.6056 -0.6343
53.125 -5.2231 -5.2231
56.25 -5.2063 -5.2063
59.375 -5.1894 -5.1894
62.5 -5.1726 -5.1726
65.625 -5.1557 -5.1557
68.75 -5.1389 -5.1389
71.875 -5.1221 -5.1221
75 -5.1117 -5.1117
78.125 -5.1036 -5.1036
81.25 -5.0954 -5.0954
84.375 -5.0872 -5.0872
87.5 -5.0791 -5.0791
90.625 -5.0709 -5.0709
93.75 -5.0627 -5.0627
96.875 -5.0546 -5.0546
100 -5.0464 -5.0464
103.13 -5.0382 -5.0382
106.25 -5.0286 -5.0286
109.38 -5.0177 -5.0177
112.5 -5.0067 -5.0067
115.63 -4.9957 -4.9957
118.75 -4.9847 -4.9847
121.88 -4.9737 -4.9737
125 -4.9628 -4.9628
128.13 -4.9518 -4.9518
131.25 -4.9408 -4.9408
134.38 -4.9298 -4.9298
137.5 -4.9188 -4.9188
140.63 -4.9078 -4.9078
143.75 -4.8969 -4.8969
146.88 -4.8859 -4.8859
150 -4.8749 -4.8749
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Model R
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 3 mm 
Ec = 40 KN/mm2
Column 1: x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) 
0
3.125
6.25
9.375
12.5
15.625
18.75
21.875 
25
28.125
31.25
34.375
37.5
40.625
43.75
46.875 
50
53.125
56.25
59.375
62.5
65.625
68.75
71.875 
75
78.125
81.25
84.375
87.5
90.625
93.75
96.875 
100
103.13
106.25
109.38
112.5
115.63
118.75 
121.88
125
128.13
131.25
134.38
137.5
140.63
143.75 
146.88
150
Sy1 (N/mm2)
- 10.866
-8.0995
-6.9614
-6.2446
-5.9911
-5.7375
-5.5234
-5.4667
-5.41
-5.3533
-5.2966
-5.2399
-5.2231
-5.2063
-5.1894
-5.1726
-5.1557
-5.1389
-5.1221
-5.1117
-5.1036
-5.0954
-5.0872
-5.0791
-5.0709
-5.0627
-5.0546
-5.0464
-5.0382
-5.0286
-5.0177
-5.0067
-4.9957
-4.9847
-4.9737
-4.9628
-4.9518
-4.9408
-4.9298
-4.9188
-4.9078
-4.8969
-4.8859
-4.8749
Sy2 (N/mm2)
4.5792
4.4311
3.9976
2.0172
4.5581
6.1454
6.405
5.8844
5.5763
5.502
5.4277
5.3386
5.1906
5.0426
4.8947
4.7467
4.5987
Sy3 (N/mm2)
4.5792
4.4311
3.9976
2.0172
4.5581
-4.7206
-1.6945
-1.077
-0.6683
-0.4891
-0.3098
-0.1848
-0.2761
-0.3674
-0.4586
-0.5499
-0.6412
-5.2231
-5.2063
-5.1894
-5.1726
-5.1557
-5.1389
-5.1221
-5.1117
-5.1036
-5.0954
-5.0872
-5.0791
-5.0709
-5.0627
-5.0546
-5.0464
-5.0382
-5.0286
-5.0177
-5.0067
-4.9957
-4.9847
-4.9737
-4.9628
-4.9518
-4.9408
-4.9298
-4.9188
-4.9078
-4.8969
-4.8859
-4.8749
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Model S
concrete block dimension (400 mm x 400 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 30 KN/mm2
Column 1 : x = Distance along x-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
x (mm) 
0
4.1667
8.3333
12.5
16.667
20.833  
25
29.167
33.333
37.5
41.667
45.833  
50
54.167
58.333
62.5
66.667
70.833  
75
79.167
83.333
87.5
91.667
95.833  
100
104.17
108.33
112.5
116.67
120.83 
125
129.17
133.33
137.5
141.67
145.83 
150
154.17
158.33
162.5
166.67
170.83 
175
179.17
183.33
187.5
191.67
195.83 
200
Sy1 (N/mm2)
-12.066
-7.4568
-6.2833
-5.7723
-5.5441
-5.3359
-5.2879
-5.2399
-5.1919
-5.1439
-5.1333
-5.1227
-5.1121
-5.1015
-5.0909
-5.0803
-5.0697
-5.0591
-5.0546
-5.0513
-5.0479
-5.0446
-5.0412
-5.0379
-5.0346
-5.0312
-5.0279
-5.0245
-5.0212
-5.0176
-5.0134
-5.0093
-5.0051
-5.001
-4.9968
-4.9926
-4.9885
-4.9843
-4.9802
-4.976
-4.9719
-4.9677
-4.9635
-4.9594
-4.9552
-4.9511
Sy2 (N/mm2)
6.6557
6.2597
3.9944
3.8276
5.2071
5.1377
5.1353
5.1615
5.1687
5.0232
4.8777
4.7323
4.5868
Sy3 (N/mm2)
6.6557
6.2597
3.9944
-8.2384
-2.2497
-1.1456
-0.637
-0.3826
-0.1672
-0.2647
-0.3622
-0.4596
-0.5571
-5.1333
-5.1227
-5.1121
-5.1015
-5.0909
-5.0803
-5.0697
-5.0591
-5.0546
-5.0513
-5.0479
-5.0446
-5.0412
-5.0379
-5.0346
-5.0312
-5.0279
-5.0245
-5.0212
-5.0176
-5.0134
-5.0093
-5.0051
-5.001
-4.9968
-4.9926
-4.9885
-4.9843
-4.9802
-4.976
-4.9719
-4.9677
-4.9635
-4.9594
-4.9552
-4.9511
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Model A
Stress Change along X axis
.8024<N
-20
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150 
3.139.3815.621.928.134.440.646.953.159.465.671.978.184.490.696.9  103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
^  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
IncLDia. (40mm) O/C Dia. (150mm)
Glue Thickness (1mm) Ec=20 KN/mm2
Model B
Stress Change along X axis
1 »
i  •00
8  -5VX
1
S  -10
.1451
♦ ♦ ♦ ♦
-20
0 6.2512.518.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
B Syl (Model 1) Sy2 (Model 2) _tc_ Sy3 = Syl + Sy2
Incl.Dia.(40mm) O/C Dia.( 150mm)
Glue Thickness (1mm) Ec=30KN/mm2
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Model C
Stress change along X axis
<N 7.6297
GO
-20
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.646.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm) 
n Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
IncLDia. (40mm) O/C Dia. (150mm)
Glue Thickness (1mm) Ec=40KN/mm2
Model D
Stress change along X axis
.3757<N
-20
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.5 68.8 75 81.3 87.593.8 100 106 113 119 125 131 138 144 150 
3.13 9 .3815.621.928.134.440.646.953.159.465.671.978.184.490.696.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
,  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
IncLDia. (40mm) O/C Dia. (150mm)
Glue Thickness (2mm) Ec=20KN/mm2
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Model E
Stress change along X axis
<N
7.5574
-20
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
, Syl (Model 1) Sy2 (Model 2) _A_ Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia.(150mm)
Glue Thickness (2mm) Ec=30KN/mm2
Model F
Stress change along X axis
<N
-20
0 6.25 12.5 18.8 25 3 1.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
„ Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (2mm) Ec=40KN/mm2
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Model G
Stress change along X axis
1 =
&
0
S
CO
|  -5
GO
Id
P -10
8.0704
-15
0 6.25 12.518.8 25 31.337.543.8 50 56.3 62.5 68.8 75 81.3 87.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm) 
_ _  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (3 mm) Ec=20KN/mm2
Model H
Stress change along X axis
7.0695
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
„ Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (3mm) Ec=30KN/mm2
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Model I
Stress change along X axis
CZD
C/D
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.184.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
n Syl (N/mm2) Sy2 (N/mm2) „ A„ Sy3 = Syl + Sy2
Incl.Dia.(40mm) O/C Dia. (150mm)
Glue Thickness (3mm) Ec=40KN/mm2
Model J
Stress change along X axis
1
&
<D
C/D
I
C/3
7.36
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.3 87.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
_ _  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=20KN/mm2
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Model K
Stress change along X axis
.6.69-
cd
-10I
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.3815.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
B Syl (Model 1) Sy2 (Model 2) _A_ Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=30KN/mm2
Model L
Stress change along X axis
10
5 6.11
0
5
10
-15
i
&
C/D
0 co
1GO
!
0 6.2512.518.8 25 3 1.337.543.8 50 56.362.568.8 75 81.3 87.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
„  Syl (Model 1) Sy2 (Model 2) _A_ Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=40KN/mm2
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Model M
Stress change along X axis
8 ,2 <M°del2) —  ^  -  Syl + Sy2
Glue Thickness (2mm) Ec=20KN/mm2
Model N
Stress change along X axis
-a- Syl (Model 1)
G l n p T h ' - (i2 0 m m )  ° / c D l a - ( lO O m m ) 0 -
Thickness (2mm) Ec=30KN/mm2
SX2 (Model 2) Sy3 = Syl + Sy2
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Model O
Stress change along X axis
1
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k ’v
00
<8
C/3
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00
5.17:
sI
-15
0 6.2512.518.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
B Syl (Model 1) Sy2 (Model 2) _A__. Syl = Sy2 + Sy3
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (2mm) Ec=40KN/mm2
Model P
Stress change along X axis
1
&
00
0
173
1cz>
cd
-10I
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150 
3.139.38 15.621.928.134.440.646.953.1 59.465.671.978.1 84.490.696.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
H Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (3mm) Ec=20KN/mm2
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Model Q
/ Stress change along X  axis
5.341
C/D
C/D
-10
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.5 68.8 75 81.3 87.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm) 
D Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (3mm) Ec= 30KN/mm2
Model R
Stress change along X axis
1 -
&
tz? 0
S
C/DI "5
(Z)
Id 
^  -10
4.57S
-15
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.387.593.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.159.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along X axis from centre of core (mm)
,  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (3mm) Ec=40KN/mm2
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Model S
/ Stress change along X  axis
-10
-15
0 8.3316.7 25 33.341.7 50 58.366.7 75 83.391.7 100 108 117 125 133 142 150 158 167 175 183 192 200 
4.17 12.5 20.8 29.2 37.5 45.8 54.2 62.5 70.8 79.2 87.5 95.8 104 113 121 129 138 146 154 163 171 179 188 196
Distance along X axis from centre of core (mm) 
B Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia.(20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=30KN/mm2
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Model A
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 1 mm 
Ec = 20 N/mm2
Column 1 : y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 8.8024 8.8024
3.125 8.8017 8.8017
6.25 8.803 8.803
9.375 8.805 8.805
12.5 8.8041 8.8041
15.625 8.7964 8.7964
18.75 8.7865 8.7865
21.875 0.18729 8.7533 8.94059
25 0.093811 8.3359 8.429711
28.125 -0.18179 8.0054 7.82361
31.25 -0.75128 7.8152 7.06392
34.375 -1.3208 7.625 6.3042
37.5 -1.8034 7.4147 5.6113
40.625 -2.1385 7.1701 5.0316
43.75 -2.4737 6.9256 4.4519
46.875 -2.8088 6.6811 3.8723
50 -3.144 6.4365 3.2925
53.125 -3.3591 6.4388 3.0797
56.25 -3.4906 6.6127 3.1221
59.375 -3.6222 6.7867 3.1645
62.5 -3.7537 6.9607 3.207
65.625 -3.8852 7.1346 3.2494
68.75 -4.0168 7.3086 3.2918
71.875 -4.1483 7.4826 3.3343
75 -4.2798 7.6565 3.3767
78.125 -4.3369 -4.3369
81.25 -4.394 -4.394
84.375 -4.4511 -4.4511
87.5 -4.5082 -4.5082
90.625 -4.5653 -4.5653
93.75 -4.6101 -4.6101
96.875 -4.6454 -4.6454
100 -4.6807 -4.6807
103.13 -4.716 -4.716
106.25 -4.7513 -4.7513
109.38 -4.7866 -4.7866
112.5 -4.8219 -4.8219
115.63 -4.8572 -4.8572
118.75 -4.8742 -4.8742
121.88 -4.8885 -4.8885
125 -4.9029 -4.9029
128.13 -4.9172 -4.9172
131.25 -4.9315 -4.9315
134.38 -4.9459 -4.9459
137.5 -4.9602 -4.9602
140.63 -4.9746 -4.9746
143.75 -4.9889 -4.9889
146.88 -5.0033 -5.0033
150 -5.0176 -5.0176
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Model B
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 1 mm 
Ec = 30 N/mm2
Column 1 : y = Distance along y-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 8.1451 8.1451
3.125 8.1444 8.1444
6.25 8.1457 8.1457
9.375 8.1479 8.1479
12.5 8.1465 8.1465
15.625 8.1426 8.1426
18.75 8.1378 8.1378
21.875 0.18729 8.0551 8.24239
25 0.093811 7.6764 7.770211
28.125 -0.18179 7.3932 7.21141
31.25 -0.75128 7.2642 6.51292
34.375 -1.3208 7.1352 5.8144
37.5 -1.8034 6.9773 5.1739
40.625 -2.1385 6.7702 4.6317
43.75 -2.4737 6.5632 4.0895
46.875 -2.8088 6.3562 3.5474
50 -3.144 6.1491 3.0051
53.125 -3.3591 6.1709 2.8118
56.25 -3.4906 6.3519 2.8613
59.375 -3.6222 6.533 2.9108
62.5 -3.7537 6.714 2.9603
65.625 -3.8852 6.895 3.0098
68.75 -4.0168 7.076 3.0592
71.875 -4.1483 7.2571 3.1088
75 -4.2798 7.4381 3.1583
78.125 -4.3369 -4.3369
81.25 -4.394 -4.394
84.375 -4.4511 -4.4511
87.5 -4.5082 -4.5082
90.625 -4.5653 -4.5653
93.75 -4.6101 -4.6101
96.875 -4.6454 -4.6454
100 -4.6807 -4.6807
103.13 -4.716 -4.716
106.25 -4.7513 -4.7513
109.38 -4.7866 -4.7866
112.5 -4.8219 -4.8219
115.63 -4.8572 -4.8572
118.75 -4.8742 -4.8742
121.88 -4.8885 -4.8885
125 -4.9029 -4.9029
128.13 -4.9172 -4.9172
131.25 -4.9315 -4.9315
134.38 -4.9459 -4.9459
137.5 -4.9602 -4.9602
140.63 -4.9746 -4.9746
143.75 -4.9889 -4.9889
146.88 -5.0033 -5.0033
150 -5.0176 -5.0176
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Model C
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 1 mm 
Ec = 40 N/mm2
Column 1: y = Distance along y-axis (mm)
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.6297 7.6297
3.125 7.6288 7.6288
6.25 7.6302 7.6302
9.375 7.6325 7.6325
12.5 7.6315 7.6315
15.625 7.6286 7.6286
18.75 7.6251 7.6251
21.875 0.18729 7.5236 7.71089
25 0.093811 7.1514 7.245211
28.125 -0.18179 6.89 6.70821
31.25 -0.75128 6.8076 6.05632
34.375 -1.3208 6.7251 5.4043
37.5 -1.8034 6.608 4.8046
40.625 -2.1385 6.4321 4.2936
43.75 -2.4737 6.2563 3.7826
46.875 -2.8088 6.0804 3.2716
50 -3.144 5.9045 2.7605
53.125 -3.3591 5.9425 2.5834
56.25 -3.4906 6.1295 2.6389
59.375 -3.6222 6.3165 2.6943
62.5 -3.7537 6.5034 2.7497
65.625 -3.8852 6.6904 2.8052
68.75 -4.0168 6.8774 2.8606
71.875 -4.1483 7.0643 2.916
75 -4.2798 7.2513 2.9715
78.125 -4.3369 -4.3369
81.25 -4.394 -4.394
84.375 -4.4511 -4.4511
87.5 -4.5082 -4.5082
90.625 -4.5653 -4.5653
93.75 -4.6101 -4.6101
96.875 -4.6454 -4.6454
100 -4.6807 -4.6807
103.13 -4.716 -4.716
106.25 -4.7513 -4.7513
109.38 -4.7866 -4.7866
112.5 -4.8219 -4.8219
115.63 -4.8572 -4.8572
118.75 -4.8742 -4.8742
121.88 -4.8885 -4.8885
125 -4.9029 -4.9029
128.13 -4.9172 -4.9172
131.25 -4.9315 -4.9315
134.38 -4.9459 -4.9459
137.5 -4.9602 -4.9602
140.63 -4.9746 -4.9746
143.75 -4.9889 -4.9889
146.88 -5.0033 -5.0033
150 -5.0176 -5.0176
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Model D
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 2 mm 
Ec = 20 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Syi + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 8.3757 8.3757
3.125 8.3749 8.3749
6.25 8.3763 8.3763
9.375 8.3789 8.3789
12.5 8.3732 8.3732
15.625 8.3744 8.3744
18.75 8.3778 8.3778
21.875 0.19916 8.3656 8.56476
25 0.14613 7.9436 8.08973
28.125 0.044536 7.5351 7.579636
31.25 -0.50533 7.406 6.90067
34.375 -1.0552 7.2769 6.2217
37.5 -1.5762 7.1358 5.5596
40.625 -1.9219 6.9222 5.0003
43.75 -2.2677 6.7086 4.4409
46.875 -2.6135 6.495 3.8815
50 -2.9593 6.2814 3.3221
53.125 -3.2136 6.2503 3.0367
56.25 -3.3555 6.4432 3.0877
59.375 -3.4974 6.636 3.1386
62.5 -3.6393 6.8289 3.1896
65.625 -3.7812 7.0217 3.2405
68.75 -3.9231 7.2146 3.2915
71.875 -4.065 7.4074 3.3424
75 -4.2069 7.6003 3.3934
78.125 -4.2699 -4.2699
81.25 -4.3329 -4.3329
84.375 -4.3959 -4.3959
87.5 -4.4589 -4.4589
90.625 -4.5219 -4.5219
93.75 -4.5712 -4.5712
96.875 -4.61 -4.61
100 -4.6488 -4.6488
103.13 -4.6876 -4.6876
106.25 -4.7264 -4.7264
109.38 -4.7652 -4.7652
112.5 -4.804 -4.804
115.63 -4.8428 -4.8428
118.75 -4.8615 -4.8615
121.88 -4.8772 -4.8772
125 -4.893 -4.893
128.13 -4.9088 -4.9088
131.25 -4.9246 -4.9246
134.38 -4.9404 -4.9404
137.5 -4.9562 -4.9562
140.63 -4.972 -4.972
143.75 -4.9878 -4.9878
146.88 -5.0036 -5.0036
150 -5.0194 -5.0194
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Model E
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 2 mm 
Ec = 30 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.5574 7.5574
3.125 7.5565 7.5565
6.25 7.558 7.558
9.375 7.5608 7.5608
12.5 7.5558 7.5558
15.625 7.5582 7.5582
18.75 7.5629 7.5629
21.875 0.19916 7.5159 7.71506
25 0.14613 7.1067 7.25283
28.125 0.044536 6.7194 6.763936
31.25 -0.50533 6.6604 6.15507
34.375 -1.0552 6.6013 5.5461
37.5 -1.5762 6.5275 4.9513
40.625 -1.9219 6.3635 4.4416
43.75 -2.2677 6.1995 3.9318
46.875 -2.6135 6.0356 3.4221
50 -2.9593 5.8716 2.9123
53.125 -3.2136 5.8721 2.6585
56.25 -3.3555 6.0746 2.7191
59.375 -3.4974 6.2771 2.7797
62.5 -3.6393 6.4795 2.8402
65.625 -3.7812 6.682 2.9008
68.75 -3.9231 6.8845 2.9614
71.875 -4.065 7.0869 3.0219
75 -4.2069 7.2894 3.0825
78.125 -4.2699 -4.2699
81.25 -4.3329 -4.3329
84.375 -4.3959 -4.3959
87.5 -4.4589 -4.4589
90.625 -4.5219 -4.5219
93.75 -4.5712 -4.5712
96.875 -4.61 -4.61
100 -4.6488 -4.6488
103.13 -4.6876 -4.6876
106.25 -4.7264 -4.7264
109.38 -4.7652 -4.7652
112.5 -4.804 -4.804
115.63 -4.8428 -4.8428
118.75 -4.8615 -4.8615
121.88 -4.8772 -4.8772
125 -4.893 -4.893
128.13 -4.9088 -4.9088
131.25 -4.9246 -4.9246
134.38 -4.9404 -4.9404
137.5 -4.9562 -4.9562
140.63 -4.972 -4.972
143.75 -4.9878 -4.9878
146.88 -5.0036 -5.0036
150 -5.0194 -5.0194
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Model F
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 2 mm 
Ec = 40 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.7919 6.7919
3.125 6.7919 6.7919
6.25 6.7958 6.7958
9.375 6.8022 6.8022
12.5 6.8026 6.8026
15.625 6.8106 6.8106
18.75 6.821 6.821
21.875 0.19916 6.7511 6.95026
25 0.14613 6.3806 6.52673
28.125 0.044536 6.0384 6.082936
31.25 -0.50533 6.0522 5.54687
34.375 -1.0552 6.066 5.0108
37.5 -1.5762 6.0612 4.485
40.625 -1.9219 5.9437 4.0218
43.75 -2.2677 5.8263 3.5586
46.875 -2.6135 5.7089 3.0954
50 -2.9593 5.5914 2.6321
53.125 -3.2136 5.6231 2.4095
56.25 -3.3555 5.8377 2.4822
59.375 -3.4974 6.0524 2.555
62.5 -3.6393 6.267 2.6277
65.625 -3.7812 6.4817 2.7005
68.75 -3.9231 6.6963 2.7732
71.875 -4.065 6.9109 2.8459
75 -4.2069 7.1256 2.9187
78.125 -4.2699 -4.2699
81.25 -4.3329 -4.3329
84.375 -4.3959 -4.3959
87.5 -4.4589 -4.4589
90.625 -4.5219 -4.5219
93.75 -4.5712 -4.5712
96.875 -4.61 -4.61
100 -4.6488 -4.6488
103.13 -4.6876 -4.6876
106.25 -4.7264 -4.7264
109.38 -4.7652 -4.7652
112.5 -4.804 -4.804
115.63 -4.8428 -4.8428
118.75 -4.8615 -4.8615
121.88 -4.8772 -4.8772
125 -4.893 -4.893
128.13 -4.9088 -4.9088
131.25 -4.9246 -4.9246
134.38 -4.9404 -4.9404
137.5 -4.9562 -4.9562
140.63 -4.972 -4.972
143.75 -4.9878 -4.9878
146.88 -5.0036 -5.0036
150 -5.0194 -5.0194
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Model G
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 3 mm 
Ec = 20 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 8.0704 8.0704
3.125 8.0697 8.0697
6.25 8.0712 8.0712
9.375 8.0741 8.0741
12.5 8.0674 8.0674
15.625 8.0718 8.0718
18.75 8.0842 8.0842
21.875 8.0307 8.0307
25 0.17159 7.6978 7.86939
28.125 0.15591 7.2323 7.38821
31.25 -0.27711 7.0753 6.79819
34.375 -0.80621 6.9894 6.18319
37.5 -1.3353 6.9036 5.5683
40.625 -1.7057 6.723 5.0173
43.75 -2.0608 6.5334 4.4726
46.875 -2.416 6.3437 3.9277
50 -2.7712 6.1541 3.3829
53.125 -3.0638 6.0882 3.0244
56.25 -3.2161 6.2998 3.0837
59.375 -3.3685 6.5114 3.1429
62.5 -3.5208 6.7229 3.2021
65.625 -3.6732 6.9345 3.2613
68.75 -3.8256 7.1461 3.3205
71.875 -3.9779 7.3577 3.3798
75 -4.1303 7.5693 3.439
78.125 -4.1995 -4.1995
81.25 -4.2687 -4.2687
84.375 -4.3379 -4.3379
87.5 -4.407 -4.407
90.625 -4.4762 -4.4762
93.75 -4.5304 -4.5304
96.875 -4.5728 -4.5728
100 -4.6153 -4.6153
103.13 -4.6577 -4.6577
106.25 -4.7002 -4.7002
109.38 -4.7427 -4.7427
112.5 -4.7851 -4.7851
115.63 -4.8276 -4.8276
118.75 -4.8481 -4.8481
121.88 -4.8654 -4.8654
125 -4.8827 -4.8827
128.13 -4.9 -4.9
131.25 -4.9173 -4.9173
134.38 -4.9346 -4.9346
137.5 -4.952 -4.952
140.63 -4.9693 -4.9693
143.75 -4.9866 -4.9866
146.88 -5.0039 -5.0039
150 -5.0212 -5.0212
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Model H
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 3 mm 
Ec = 30 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.0695 7.0695
3.125 7.0688 7.0688
6.25 7.0703 7.0703
9.375 7.0733 7.0733
12.5 7.0648 7.0648
15.625 7.0723 7.0723
18.75 7.0846 7.0846
21.875 7.0133 7.0133
25 0.17159 6.6894 6.86099
28.125 0.15591 6.2548 6.41071
31.25 -0.27711 6.169 5.89189
34.375 -0.80621 6.1636 5.35739
37.5 -1.3353 6.1581 4.8228
40.625 -1.7057 6.0385 4.3328
43.75 -2.0608 5.908 3.8472
46.875 -2.416 5.7774 3.3614
50 -2.7712 5.6468 2.8756
53.125 -3.0638 5.6252 2.5614
56.25 -3.2161 5.8476 2.6315
59.375 -3.3685 6.0701 2.7016
62.5 -3.5208 6.2926 2.7718
65.625 -3.6732 6.515 2.8418
68.75 -3.8256 6.7375 2.9119
71.875 -3.9779 6.9599 2.982
75 -4.1303 7.1824 3.0521
78.125 -4.1995 -4.1995
81.25 -4.2687 -4.2687
84.375 -4.3379 -4.3379
87.5 -4.407 -4.407
90.625 -4.4762 -4.4762
93.75 -4.5304 -4.5304
96.875 -4.5728 -4.5728
100 -4.6153 -4.6153
103.13 -4.6577 -4.6577
106.25 -4.7002 -4.7002
109.38 -4.7427 -4.7427
112.5 -4.7851 -4.7851
115.63 -4.8276 -4.8276
118.75 -4.8481 -4.8481
121.88 -4.8654 -4.8654
125 -4.8827 -4.8827
128.13 -4.9 -4.9
131.25 -4.9173 -4.9173
134.38 -4.9346 -4.9346
137.5 -4.952 -4.952
140.63 -4.9693 -4.9693
143.75 -4.9866 -4.9866
146.88 -5.0039 -5.0039
150 -5.0212 -5.0212
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Model I
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 40 mm 
overcore diameter = 1 5 0  mm 
glue thickness = 3 mm 
Ec = 40 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.2724 6.2724
3.125 6.2716 6.2716
6.25 6.273 6.273
9.375 6.2759 6.2759
12.5 6.2684 6.2684
15.625 6.2755 6.2755
18.75 6.2873 6.2873
21.875 6.2098 6.2098
25 0.17159 5.9033 6.07489
28.125 0.15591 5.5012 5.65711
31.25 -0.27711 5.4731 5.19599
34.375 -0.80621 5.531 4.72479
37.5 -1.3353 5.5889 4.2536
40.625 -1.7057 5.5163 3.8106
43.75 -2.0608 5.4311 3.3703
46.875 -2.416 5.3459 2.9299
50 -2.7712 5.2608 2.4896
53.125 -3.0638 5.2731 2.2093
56.25 -3.2161 5.5041 2.288
59.375 -3.3685 5.735 2.3665
62.5 -3.5208 5.966 2.4452
65.625 -3.6732 6.197 2.5238
68.75 -3.8256 6.4279 2.6023
71.875 -3.9779 6.6589 2.681
75 -4.1303 6.8898 2.7595
78.125 -4.1995 -4.1995
81.25 -4.2687 -4.2687
84.375 -4.3379 -4.3379
87.5 -4.407 -4.407
90.625 -4.4762 -4.4762
93.75 -4.5304 -4.5304
96.875 -4.5728 -4.5728
100 -4.6153 -4.6153
103.13 -4.6577 -4.6577
106.25 -4.7002 -4.7002
109.38 -4.7427 -4.7427
112.5 -4.7851 -4.7851
115.63 -4.8276 -4.8276
118.75 -4.8481 -4.8481
121.88 -4.8654 -4.8654
125 -4.8827 -4.8827
128.13 -4.9 -4.9
131.25 -4.9173 -4.9173
134.38 -4.9346 -4.9346
137.5 -4.952 -4.952
140.63 -4.9693 -4.9693
143.75 -4.9866 -4.9866
146.88 -5.0039 -5.0039
150 -5.0212 -5.0212
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Model J
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 20 N/mm2
Column 1 : y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 7.36 7.36
3.125 7.3574 7.3574
6.25 7.3558 7.3558
9.375 7.3593 7.3593
12.5 0.055811 6.992 7.047811
15.625 -0.48265 6.3814 5.89875
18.75 -1.4176 6.2206 4.803
21.875 -2.3525 6.0599 3.7074
25 -2.7864 5.8434 3.057
28.125 -3.1852 5.623 2.4378
31.25 -3.584 5.4027 1.8187
34.375 -3.8528 5.3913 1.5385
37.5 -3.9818 5.6053 1.6235
40.625 -4.1107 5.8193 1.7086
43.75 -4.2397 6.0333 1.7936
46.875 -4.3686 6.2473 1.8787
50 -4.4976 6.4612 1.9636
53.125 -4.538 -4.538
56.25 -4.5784 -4.5784
59.375 -4.6187 -4.6187
62.5 -4.6591 -4.6591
65.625 -4.6995 -4.6995
68.75 -4.7399 -4.7399
71.875 -4.7803 -4.7803
75 -4.8013 -4.8013
78.125 -4.8159 -4.8159
81.25 -4.8305 -4.8305
84.375 -4.8451 -4.8451
87.5 -4.8597 -4.8597
90.625 -4.8743 -4.8743
93.75 -4.8888 -4.8888
96.875 -4.9034 -4.9034
100 -4.918 -4.918
103.13 -4.9326 -4.9326
106.25 -4.9423 -4.9423
109.38 -4.947 -4.947
112.5 -4.9517 -4.9517
115.63 -4.9564 -4.9564
118.75 -4.9611 -4.9611
121.88 -4.9658 -4.9658
125 -4.9706 -4.9706
128.13 -4.9753 -4.9753
131.25 -4.98 -4.98
134.38 -4.9847 -4.9847
137.5 -4.9894 -4.9894
140.63 -4.9941 -4.9941
143.75 -4.9988 -4.9988
146.88 -5.0036 -5.0036
150 -5.0083 -5.0083
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Model K
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 30 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.6948 6.6948
3.125 6.692 6.692
6.25 6.6912 6.6912
9.375 6.6969 6.6969
12.5 0.055811 6.3255 6.381311
15.625 -0.48265 5.7842 5.30155
18.75 -1.4176 5.7316 4.314
21.875 -2.3525 5.6791 3.3266
25 -2.7864 5.5159 2.7295
28.125 -3.1852 5.3449 2.1597
31.25 -3.584 5.174 1.59
34.375 -3.8528 5.193 1.3402
37.5 -3.9818 5.4169 1.4351
40.625 -4.1107 5.6408 1.5301
43.75 -4.2397 5.8646 1.6249
46.875 -4.3686 6.0885 1.7199
50 -4.4976 6.3124 1.8148
53.125 -4.538 -4.538
56.25 -4.5784 -4.5784
59.375 -4.6187 -4.6187
62.5 -4.6591 -4.6591
65.625 -4.6995 -4.6995
68.75 -4.7399 -4.7399
71.875 . -4.7803 -4.7803
75 -4.8013 -4.8013
78.125 -4.8159 -4.8159
81.25 -4.8305 -4.8305
84.375 -4.8451 -4.8451
87.5 -4.8597 -4.8597
90.625 -4.8743 -4.8743
93.75 -4.8888 -4.8888
96.875 -4.9034 -4.9034
100 -4.918 -4.918
103.13 -4.9326 -4.9326
106.25 -4.9423 -4.9423
109.38 -4.947 -4.947
112.5 -4.9517 -4.9517
115.63 -4.9564 -4.9564
118.75 -4.9611 -4.9611
121.88 -4.9658 -4.9658
125 -4.9706 -4.9706
128.13 -4.9753 -4.9753
131.25 -4.98 -4.98
134.38 -4.9847 -4.9847
137.5 -4.9894 -4.9894
140.63 -4.9941 -4.9941
143.75 -4.9988 -4.9988
146.88 -5.0036 -5.0036
150 -5.0083 -5.0083
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Model L
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 40 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.1193 6.1193
3.125 6.1165 6.1165
6.25 6.1161 6.1161
9.375 6.1227 6.1227
12.5 0.055811 5.7661 5.821911
15.625 -0.48265 5.2944 4.81175
18.75 -1.4176 5.3318 3.9142
21.875 -2.3525 5.3692 3.0167
25 -2.7864 5.2496 2.4632
28.125 -3.1852 5.1191 1.9339
31.25 -3.584 4.9885 1.4045
34.375 -3.8528 5.0323 1.1795
37.5 -3.9818 5.264 1.2822
40.625 -4.1107 5.4957 1.385
43.75 -4.2397 5.7273 1.4876
46.875 -4.3686 5.959 1.5904
50 -4.4976 6.1907 1.6931
53.125 -4.538 -4.538
56.25 -4.5784 -4.5784
59.375 -4.6187 -4.6187
62.5 -4.6591 -4.6591
65.625 -4.6995 -4.6995
68.75 -4.7399 -4.7399
71.875 -4.7803 -4.7803
75 -4.8013 -4.8013
78.125 -4.8159 -4.8159
81.25 -4.8305 -4.8305
84.375 -4.8451 -4.8451
87.5 -4.8597 -4.8597
90.625 -4.8743 -4.8743
93.75 -4.8888 -4.8888
96.875 -4.9034 -4.9034
100 -4.918 -4.918
103.13 -4.9326 -4.9326
106.25 -4.9423 -4.9423
109.38 -4.947 -4.947
112.5 -4.9517 -4.9517
115.63 -4.9564 -4.9564
118.75 -4.9611 -4.9611
121.88 -4.9658 -4.9658
125 -4.9706 -4.9706
128.13 -4.9753 -4.9753
131.25 -4.98 -4.98
134.38 -4.9847 -4.9847
137.5 -4.9894 -4.9894
140.63 -4.9941 -4.9941
143.75 -4.9988 -4.9988
146.88 -5.0036 -5.0036
150 -5.0083 -5.0083
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Model M
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 2 mm 
Ec = 20 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0
3.125
6.25
9.375
12.5
15.625
18.75
21.875  
25
28.125
31.25
34.375
37.5
40.625
43.75
46.875  
50
53.125
56.25
59.375
62.5
65.625
68.75
71.875  
75
78.125
81.25
84.375
87.5
90.625
93.75
96.875  
100
103.13
106.25
109.38
112.5
115.63
118.75 
121.88
125
128.13
131.25
134.38
137.5
140.63
143.75 
146.88
150
0.20136
-0.16195
-0.97368
-1.8807
-2.4527
-2.8847
-3.3167
-3.6525
-3.8021
-3.9518
-4.1014
-4.251
-4.4007
-4.4489
-4.4971
-4.5454
-4.5936
-4.6418
-4.6901
-4.7383
-4.7634
-4.7807
-4.7981
-4.8155
-4.8328
-4.8502
-4.8676
-4.8849
-4.9023
-4.9197
-4.9312
-4.9368
-4.9424
-4.948
-4.9537
-4.9593
-4.9649
-4.9705
-4.9761
-4.9818
-4.9874
-4.993
-4.9986
-5.0042
-5.0098
6.8036
6.8005
6.7944
6.8216
6.5225
5.8769
5.7376
5.7059
5.5772
5.4081
5.2389
5.2104
5.4538
5.6971
5.9405
6.1839
6.4273
6.8036
6.8005
6.7944
6.8216
6.72386
5.71495
4.76392
3.8252
3.1245
2.5234
1.9222
1.5579
1.6517
1.7453
1.8391
1.9329
2.0266
-4.4489
-4.4971
-4.5454
-4.5936
-4.6418
-4.6901
-4.7383
-4.7634
-4.7807
-4.7981
-4.8155
-4.8328
-4.8502
-4.8676
-4.8849
-4.9023
-4.9197
-4.9312
-4.9368
-4.9424
-4.948
-4.9537
-4.9593
-4.9649
-4.9705
-4.9761
-4.9818
-4.9874
-4.993
-4.9986
-5.0042
-5.0098
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Model N
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 2 mm 
Ec = 30 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 5.8846 5.8846
3.125 5.8815 5.8815
6.25 5.8764 5.8764
9.375 5.9022 5.9022
12.5 0.20136 5.6064 5.80776
15.625 -0.16195 5.0616 4.89965
18.75 -0.97368 5.0507 4.07702
21.875 -1.8807 5.1533 3.2726
25 -2.4527 5.1114 2.6587
28.125 -2.8847 5.0091 2.1244
31.25 -3.3167 4.9069 1.5902
34.375 -3.6525 4.9269 1.2744
37.5 -3.8021 5.1835 1.3814
40.625 -3.9518 5.44 1.4882
43.75 -4.1014 5.6966 1.5952
46.875 -4.251 5.9531 1.7021
50 -4.4007 6.2097 1.809
53.125 -4.4489 -4.4489
56.25 -4.4971 -4.4971
59.375 -4.5454 -4.5454
62.5 -4.5936 -4.5936
65.625 -4.6418 -4.6418
68.75 -4.6901 -4.6901
71.875 -4.7383 -4.7383
75 -4.7634 -4.7634
78.125 -4.7807 -4.7807
81.25 -4.7981 -4.7981
84.375 -4.8155 -4.8155
87.5 -4.8328 -4.8328
90.625 -4.8502 -4.8502
93.75 -4.8676 -4.8676
96.875 -4.8849 -4.8849
100 -4.9023 -4.9023
103.13 -4.9197 -4.9197
106.25 -4.9312 -4.9312
109.38 -4.9368 -4.9368
112.5 -4.9424 -4.9424
115.63 -4.948 -4.948
118.75 -4.9537 -4.9537
121.88 -4.9593 -4.9593
125 -4.9649 -4.9649
128.13 -4.9705 -4.9705
131.25 -4.9761 -4.9761
134.38 -4.9818 -4.9818
137.5 -4.9874 -4.9874
140.63 -4.993 -4.993
143.75 -4.9986 -4.9986
146.88 -5.0042 -5.0042
150 -5.0098 -5.0098
Page No:G43
Model O
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 2 mm 
Ec = 40 N/mm2
Column 1 : y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) 
0
3.125
6.25
9.375
12.5
15.625
18.75
21.875 
25
28.125
31.25
34.375
37.5
40.625
43.75
46.875  
50
53.125
56.25
59.375
62.5
65.625
68.75
71.875 
75
78.125
81.25
84.375
87.5
90.625
93.75
96.875 
100
103.13
106.25
109.38
112.5
115.63
118.75 
121.88
125
128.13
131.25
134.38
137.5
140.63
143.75 
146.88
150
Sy1 (N/mm2)
0.20136
-0.16195
-0.97368
-1.8807
-2.4527
-2.8847
-3.3167
-3.6525
-3.8021
-3.9518
-4.1014
-4.251
-4.4007
-4.4489
-4.4971
-4.5454
-4.5936
-4.6418
-4.6901
-4.7383
-4.7634
-4.7807
-4.7981
-4.8155
-4.8328
-4.8502
-4.8676
-4.8849
-4.9023
-4.9197
-4.9312
-4.9368
-4.9424
-4.948
-4.9537
-4.9593
-4.9649
-4.9705
-4.9761
-4.9818
-4.9874
-4.993
-4.9986
-5.0042
-5.0098
Sy2 (N/mm2)
5.172
5.1691
5.1647
5.1885
4.9072
4.447
4.5349
4.7392
4.7627
4.7107
4.6587
4.7152
4.9817
5.2481
5.5146
5.781
6.0474
Sy3 (N/mm2)
5.172
5.1691
5.1647
5.1885
5.10856
4.28505
3.56122
2.8585
2.31
1.826
1.342
1.0627
1.1796
1.2963
1.4132
1.53
1.6467
-4.4489
-4.4971
-4.5454
-4.5936
-4.6418
-4.6901
-4.7383
-4.7634
-4.7807
-4.7981
-4.8155
-4.8328
-4.8502
-4.8676
-4.8849
-4.9023
-4.9197
-4.9312
-4.9368
-4.9424
-4.948
-4.9537
-4.9593
-4.9649
-4.9705
-4.9761
-4.9818
-4.9874
-4.993
-4.9986
-5.0042
-5.0098
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Model P
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 3 mm 
Ec = 20 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion)
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 6.3926 6.3926
3.125 6.3892 6.3892
6.25 6.3789 6.3789
9.375 6.4265 6.4265
12.5 6.1595 6.1595
15.625 0.017541 5.5894 5.606941
18.75 -0.56933 5.3379 4.76857
21.875 -1.4404 5.3936 3.9532
25 -2.1161 5.3607 3.2446
28.125 -2.577 5.2307 2.6537
31.25 -3.0379 5.1006 2.0627
34.375 -3.4408 5.0511 1.6103
37.5 -3.6117 5.3233 1.7116
40.625 -3.7826 5.5955 1.8129
43.75 -3.9536 5.8677 1.9141
46.875 -4.1245 6.1399 2.0154
50 -4.2954 6.4121 2.1167
53.125 -4.3522 -4.3522
56.25 -4.4089 -4.4089
59.375 -4.4657 -4.4657
62.5 -4.5224 -4.5224
65.625 -4.5791 -4.5791
68.75 -4.6359 -4.6359
71.875 -4.6926 -4.6926
75 -4.7221 -4.7221
78.125 -4.7425 -4.7425
81.25 -4.7629 -4.7629
84.375 -4.7832 -4.7832
87.5 -4.8036 -4.8036
90.625 -4.824 -4.824
93.75 -4.8444 -4.8444
96.875 -4.8648 -4.8648
100 -4.8852 -4.8852
103.13 -4.9056 -4.9056
106.25 -4.9191 -4.9191
109.38 -4.9257 -4.9257
112.5 -4.9323 -4.9323
115.63 -4.9389 -4.9389
118.75 -4.9455 -4.9455
121.88 -4.9521 -4.9521
125 -4.9587 -4.9587
128.13 -4.9653 -4.9653
131.25 -4.9719 -4.9719
134.38 -4.9785 -4.9785
137.5 -4.9851 -4.9851
140.63 -4.9917 -4.9917
143.75 -4.9984 -4.9984
146.88 -5.005 -5.005
150 -5.0116 -5.0116
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Model Q
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 3 mm 
Ec = 30 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0
3.125
6.25
9.375
12.5
15.625
18.75
21.875  
25
28.125
31.25
34.375
37.5
40.625
43.75
46.875  
50
53.125
56.25
59.375
62.5
65.625
68.75
71.875  
75
78.125
81.25
84.375
87.5
90.625
93.75
96.875 
100
103.13
106.25
109.38
112.5
115.63
118.75 
121.88
125
128.13
131.25
134.38
137.5
140.63
143.75 
146.88
150
0.017541
-0.56933
-1.4404
-2.1161
-2.577
-3.0379
-3.4408
-3.6117
-3.7826
-3.9536
-4.1245
-4.2954
-4.3522
-4.4089
-4.4657
-4.5224
-4.5791
-4.6359
-4.6926
-4.7221
-4.7425
-4.7629
-4.7832
-4.8036
-4.824
-4.8444
-4.8648
-4.8852
-4.9056
-4.9191
-4.9257
-4.9323
-4.9389
-4.9455
-4.9521
-4.9587
-4.9653
-4.9719
-4.9785
-4.9851
-4.9917
-4.9984
-5.005
-5.0116
5.3413
5.3381
5.3292
5.3715
5.1199
4.6429
4.5168
4.7135
4.7916
4.739
4.6865
4.7021
4.9897
5.2774
5.565
5.8526
6.1403
5.3413
5.3381
5.3292
5.3715
5.1199
4.660441
3.94747
3.2731
2.6755
2.162
1.6486
1.2613
1.378
1.4948
1.6114
1.7281
1.8449
-4.3522
-4.4089
-4.4657
-4.5224
-4.5791
-4.6359
-4.6926
-4.7221
-4.7425
-4.7629
-4.7832
-4.8036
-4.824
-4.8444
-4.8648
-4.8852
-4.9056
-4.9191
-4.9257
-4.9323
-4.9389
-4.9455
-4.9521
-4.9587
-4.9653
-4.9719
-4.9785
-4.9851
-4.9917
-4.9984
-5.005
-5.0116
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Model R
concrete block dimension (300 mm x 300 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 3 mm 
Ec = 40 N/mm2
Column 1 : y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mm2)
0 4.5792 4.5792
3.125 4.5763 4.5763
6.25 4.5685 4.5685
9.375 4.606 4.606
12.5 4.3724 4.3724
15.625 0.017541 3.9681 3.985641
18.75 -0.56933 3.934 3.36467
21.875 -1.4404 4.2316 2.7912
25 -2.1161 4.3886 2.2725
28.125 -2.577 4.3911 1.8141
31.25 -3.0379 4.3937 1.3558
34.375 -3.4408 4.4554 1.0146
37.5 -3.6117 4.7539 1.1422
40.625 -3.7826 5.0523 1.2697
43.75 -3.9536 5.3507 1.3971
46.875 -4.1245 5.6492 1.5247
50 -4.2954 5.9476 1.6522
53.125 -4.3522 -4.3522
56.25 -4.4089 -4.4089
59.375 -4.4657 -4.4657
62.5 -4.5224 -4.5224
65.625 -4.5791 -4.5791
68.75 -4.6359 -4.6359
71.875 -4.6926 -4.6926
75 -4.7221 -4.7221
78.125 -4.7425 -4.7425
81.25 -4.7629 -4.7629
84.375 -4.7832 -4.7832
87.5 -4.8036 -4.8036
90.625 -4.824 -4.824
93.75 -4.8444 -4.8444
96.875 -4.8648 -4.8648
100 -4.8852 -4.8852
103.13 -4.9056 -4.9056
106.25 -4.9191 -4.9191
109.38 -4.9257 -4.9257
112.5 -4.9323 -4.9323
115.63 -4.9389 -4.9389
118.75 -4.9455 -4.9455
121.88 -4.9521 -4.9521
125 -4.9587 -4.9587
128.13 -4.9653 -4.9653
131.25 -4.9719 -4.9719
134.38 -4.9785 -4.9785
137.5 -4.9851 -4.9851
140.63 -4.9917 -4.9917
143.75 -4.9984 -4.9984
146.88 -5.005 -5.005
150 -5.0116 -5.0116
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Model S
concrete block dimension (400 mm x 400 mm) 
inclusion diameter = 20 mm 
overcore diameter = 1 0 0  mm 
glue thickness = 1 mm 
Ec = 30 N/mm2
Column 1: y = Distance along y-axis
Column 2: Sy1 = Vertical stresses of Model 1 (coring for inclusion) 
Column 3: Sy2 = Vertical stresses of Model 2 (overcoring)
Column 4: Sy3 = Total vertical stresses (= Sy1 + Sy2)
y (mm) Sy1 (N/mm2) Sy2 (N/mm2) Sy3 (N/mmS
0 6.6557 6.6557
4.1667 6.6566 6.6566
8.3333 6.6547 6.6547
12.5 0.052022 6.288 6.340022
16.667 -0.79656 5.7332 4.93664
20.833 -2.0347 5.6638 3.6291
25 -2.7751 5.4842 2.7091
29.167 -3.3028 5.2576 1.9548
33.333 -3.7912 5.089 1.2978
37.5 -3.965 5.3854 1.4204
41.667 -4.1388 5.6818 1.543
45.833 -4.3126 5.9783 1.6657
50 -4.4864 6.2747 1.7883
54.167 -4.53 -4.53
58.333 -4.5736 -4.5736
62.5 -4.6172 -4.6172
66.667 -4.6608 -4.6608
70.833 -4.7044 -4.7044
75 -4.748 -4.748
79.167 -4.7915 -4.7915
83.333 -4.8351 -4.8351
87.5 -4.8505 -4.8505
91.667 -4.8607 -4.8607
95.833 -4.8709 -4.8709
100 -4.8811 -4.8811
104.17 -4.8913 -4.8913
108.33 -4.9015 -4.9015
112.5 -4.9117 -4.9117
116.67 -4.9219 -4.9219
120.83 -4.9321 -4.9321
125 -4.9423 -4.9423
129.17 -4.9525 -4.9525
133.33 -4.9604 -4.9604
137.5 -4.9633 -4.9633
141.67 -4.9661 -4.9661
145.83 -4.9689 -4.9689
150 -4.9718 -4.9718
154.17 -4.9746 -4.9746
158.33 -4.9775 -4.9775
162.5 -4.9803 -4.9803
166.67 -4.9831 -4.9831
170.83 -4.986 -4.986
175 -4.9888 -4.9888
179.17 -4.9917 -4.9917
183.33 -4.9945 -4.9945
187.5 -4.9974 -4.9974
191.67 -5.0002 -5.0002
195.83 -5.003 -5.003
200 -5.0059 -5.0059
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Model A
Stress change along Y axis
10
<N 8.8024
5
0
GO
■5
-10
0 6.25 12.5 18.8 25 31.337.543.8 50 56.3 62.568.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
_b_ Syl (Model 1) Sy2 (Model 2) _A_ Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (1mm) Ec=20KN/mm2
Model B
Stress change along Y axis
*-*-*■
8.1451
H B
sI
-10
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
.  Syl (Model 1) Sy2 (Model 2) _A_ Sy3 (Model 3)
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness ( 1 mm) Ec=3 0KN/mm2
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Model C
Stress change along Y axis
10
<N
7.6297
5
0CO
IGO
■5
-10
0 6.25 12.5 18.8 25 31.3 37.543.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
—q— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (1mm) Ec=40KN/mm2
Model D
Stress change along Y axis
AAA
8.3757
-10
0 6.25 12.5 18.8 25 31.3 37.543.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
.  Syl (Model 1) Sy2 (Model 2) _A_ Sy3 (Model 3)
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (2mm) Ec=20KN/mm2
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Model E
Stress change along Y axis
10
<N
7.5574
5
OD
0
00
■5
-10
0 6.25 12.5 18.8 25 31.3 37.543.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
—b— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (2mm) Ec=30KN/mm2
Model F
Stress change along Y axis
10
6.7919
5
0
■5
-10
1
&
<3co
I
00
1
I
0 6.25 12.5 18.8 25 31.337.543.8 50 56.362.568.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.134.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (2mm) Ec=40KN/mm2
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Model G
&
GO
<DC/3I
00
i
Stress change along Y axis
10
8.0704
5
0
■5
-10
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
b Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm) 
Glue Thickness (3 mm) Ec=20 KN/mm2
Model H
Stress change along Y axis
7.0695
ctio
-10
0 6.25 12.5 18.8 25 31.3 37.543.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
.  Syl (Model 1) Sy2 (Model 2) Sy3 (Model 3)
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (3 mm) Ec=30KN/mm2
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Model I
Stress change along Y axis
8
<N
6
6.2724
4
oo 2CO
■2
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6
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.928.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
—a— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (40mm) O/C Dia. (150mm)
Glue Thickness (3 mm) Ec=40KN/mm2
Model J
Stress change along Y axis
1
&
00
8
<Z)
I
C/3
8I
-10
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm)
» Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=20KN/mm2
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Model K
Stress change along Y axis
8
(N
6
4
2
oo
■2
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0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
—h— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=30KN/mm2
Model L
Stress change along Y axis
8
6
6.1193
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2
0
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■4
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00
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1
00
!
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.928.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
_ _  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=40KN/mm2
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Model M
&
Stress change along Y axis
8
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0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.928.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm) 
Glue Thickness (2mm) Ec=20KN/mm2
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Model N
Stress change along Y axis
8
6 -  *-*-*- 
5.8846
4
2
0
•2
•4
6
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.928.134.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
—b— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (2mm) Ec=30KN/mm2
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Model O
&
Stress change along Y axis
8
6
5A12
2
0
■2
■4
■ B ■
6
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
 b Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm) 
Glue Thickness (2mm) Ec=40KN/mm2
Model P
Stress change along Y axis
8
_ *-*-*- 
6.39266
4
2
0
•2
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6
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GO
8CO
Î
!
0 6.25 12.5 18.8 25 31.337.543.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.9 28.1 34.4 40.646.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
_ _  Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia.(20mm) O/C Dia. (100mm)
Glue Thickness (3mm) Ec=20KN/mm2
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Model Q
Stress change along Y axis
8
(N
6
A AA
5.34134
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oo 
% 0
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6
0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150 
3.13 9.38 15.6 21.928.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
—h— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (3 mm) Ec=30KN/mm2
Model R
Stress change along Y axis
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0 6.25 12.5 18.8 25 31.3 37.5 43.8 50 56.3 62.5 68.8 75 81.3 87.5 93.8 100 106 113 119 125 131 138 144 150
3.13 9.38 15.6 21.928.1 34.4 40.6 46.9 53.1 59.4 65.6 71.9 78.1 84.4 90.6 96.9 103 109 116 122 128 134 141 147
Distance along Y axis from centre of core (mm) 
b Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (3mm) Ec=40KN/mm2
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Model S
Stress change along Y axis
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0 8.33 16.7 25 33.3 41.7 50 58.3 66.7 75 83.3 91.7 100 108 117 125 133 142 150 158 167 175 183 192 200 
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Distance along Y axis from centre of core (mm)
—o— Syl (Model 1) Sy2 (Model 2) Sy3 = Syl + Sy2
Incl.Dia. (20mm) O/C Dia. (100mm)
Glue Thickness (1mm) Ec=30KN/mm2
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An E x t r a c t  from  t h e  s t r e s s e s  o f  e le m e n t  o f  Model P - l
[NT,S ELEMENT SOLUTION PER ELEMENT
*** P0ST1 ELEMENT NODAL STRESS LISTING *****
D A D  S T E P =  1  S U B S T E P =  1
r i M E =  1 . 0 0 0 0  L O A D  C A S E =  0
IE FOLLOWING X,Yz Z VALUES ARE IN GLOBAL COORDINATES
DEMENT= 57 PLANE82
STODE SX SY SZ SXY SYZ SXZ
61 - .32470 |-14.7^61 . 00000E+00 .13806E-01 . 00000E+00 . 00000E+
71 -2.2190 -8.6092 . 00000E+00 . 72925E-02 . 00000E+00 .00000E+
72 -1.8636 -8.5083 . 00000E+00 - .23881E-01 . 00000E+00 .00000E+
62 -.75571 -13.592 . 00000E+00 2.4895 . 00000E+00 .00000E+
DEMENT= 58 PLANE82
STODE SX SY SZ SXY SYZ SXZ
62 -.78731 -13.572 . 00000E+00 2.5041 . 00000E+00 . 00000E+
72 -1.8856 -8.5167 . 00000E+00 - .10759E-01 . 00000E+00 . 00000E+
73 -.97398 -8.1291 . 00000E+00 .20593 .00000E+00 . 00000E+
63 -1.7439 -10.412 . 00000E+00 3.9486 .00000E+00 .00000E+
DEMENT= 59 PLANE82
STODE SX SY SZ SXY SYZ SXZ
63 -1.7867 -10.390 . 00000E+00 3.9330 . 00000E+00 .00000E+
73 -1.0145 -8.1448 . 00000E+00 .21493 .00000E+00 .00000E+
74 .71913E-01 -7.2865 . 00000E+00 .74757 .00000E+00 .00000E+
64 -2.4693 -6 .4109 . 00000E+00 3 . 8550 .00000E+00 .00000E+
DEMENT= 60 PLANE82
STODE SX SY SZ SXY SYZ SXZ
64 -2.4946 -6.4131 . 00000E+00 3 .8118 . 00000E+00 .00000E+
74 .19603E-01 -7.3081 . 00000E+00 .75067 .00000E+00 .00000E+
75 .87213 -5.8657 . 00000E+00 1.4181 . 00000E+00 .00000E+
65 -2.1452 -2 . 8736 . 00000E+00 2 .4937 .00000E+00 .00000E+
DEMENT= 61 PLANE82
STODE SX SY SZ SXY SYZ SXZ
65 -2.1338 -2.9144 . 00000E+00 2.4454 .00000E+00 .00000E+
75 .81673 -5.8915 . 00000E+00 1.4151 .00000E+00 .00000E+
76 1.2045 -3.9833 . 00000E+00 1.8722 . 00000E+00 .00000E+
66 -.53469 -.62477 . 00000E+00 .74136 . 00000E+00 .00000E+
Page No:G59
Results of 3-Dimensional Finite Element Analysis.
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